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Sorghum (Sorghum bicolor L. Moench) is one of the most important cereal crops 
cultivated in arid and semiarid regions for food, feed and biofuel production. Cold and drought 
stresses reduce photosynthesis in sorghum, limiting biomass production and yield. It is necessary 
to understand the genetic mechanisms controlling stress response to develop cultivars with 
increased cold and drought tolerance. We performed genome wide association studies (GWAS) 
for gas exchange and chlorophyll fluorescence traits in sorghum. The main objective was to 
discover genes/genomic regions that control the photosynthetic capacity under optimal, low 
temperature and drought stress conditions. Two experiments were conducted in growth 
chambers. For cold, 304 sorghum genotypes were measured during three periods: control (six 
days, 28oC/24°C day/night); cold (seven days, 15oC day/night); and recovery (five days, 
28oC/24°C day/night). For drought, we developed a low-cost automated irrigation system that 
allowed a controlled dry-down treatment of plants. Using this system, photosynthetic parameters 
were measured in 324 sorghum genotypes during three periods of contrasting soil volumetric 
water content: control (three days, >30%); drought (seven days of dry-down; three days at 15%); 
and recovery (five days, >30%). A large variation was found in seven photosynthetic traits under 
optimal and stress conditions and in three derived variables: cumulative response, ratio drought-
control, and ratio drought- recovery. For cold, a total of 143 unique genomic regions were 
discovered associated with at least one trait in a particular treatment or with derived variables. 
Ten regions on chromosomes 3, 4, 6, 7, and 8 that harbor multiple significant markers in linkage 
disequilibrium (LD) were consistently identified as being associated with gas exchange and 
chlorophyll fluorescence traits. Several candidate genes within those intervals have predicted 




components of PSI and antioxidants. For drought, a total of 60 genomic regions were associated 
with one or more traits in a particular treatment or with derived variables. The most relevant 
candidate genes have annotated functions for stress signaling, carotenoid biosynthesis, oxidative 
stress protection, and dehydration protection. Our discoveries provide useful information for the 





CHAPTER 1.    INTRODUCTION 
Sorghum 
Sorghum (Sorghum bicolor L. Moench) is one of the most important cereal crops 
cultivated in arid and semiarid regions of the world. It was domesticated 5000 years ago in 
Ethiopia, and it spread to the rest of the African continent and to India and China through trade 
(Doggett, 1988). The introduction to the Americas and Australia occurred within the last 300 
years. When grown in tropical climates with adequate water and warm temperatures, sorghum is 
a perennial species (Escalada and Plucknett, 1975; Smith and Frederiksen, 2000). 
In 2016, world sorghum production was estimated to be 63.9 million tons obtained from 
44.77 million Ha, ranking fifth among cereal crops, after rice, wheat, maize and barley and ninth 
over all field crops (FAOSTAT, 2016). The main production areas include the United States of 
America, Nigeria, Sudan, Mexico, Ethiopia, and India, which account for 50% of the total 
production. In the USA, current grain sorghum production is approximately 12.2 million tons 
from 2.7 million Ha (NASS, 2017). 
The traditional uses of sorghum are food, feed, and fiber, but bioenergy has recently 
become an important market in which grain is processed into ethanol. The most frequently 
planted sorghum type is grain, followed by forage and silage types. Hybrid cultivars are most 
widely utilized in developed countries, while dual purpose landraces are grown in several 
African countries, where grain is used for food and stalks for building (Rooney, 2004). In recent 
years, sorghum has become an important lignocellulosic feedstock and several breeding 
programs have initiated the development of high-biomass cultivars throughout the USA and 
Europe, including those located at northern latitudes (Rooney et al., 2007). This novel end use 
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and the expansion to northern latitudes has generated the need to adapt the species to cold 
environments, given that sorghum is naturally susceptible to those conditions (Rooney, 2004).  
Sorghum is a diploid species (n=10) with a genome size of 736 Mb, relatively small 
compared to maize (Zea mays) and other grass species. The sorghum genome has been 
sequenced (Paterson et al., 2009) and large data sets encompassing information about gene 
identity, predicted functions, polymorphisms and expression levels are publicly available in 
databases such as Phytozome (https://phytozome.jgi.doe.gov/), EnsemblPlants 
(http://plants.ensembl.org/) and NCBI (https://www.ncbi.nlm.nih.gov/).  
Sorghum leaves present the Krantz anatomy and utilize a C4 photosynthetic mechanism 
that facilitates a higher carbon net assimilation rate (A) at low stomatal conductance levels (gs) 
than those observed in C3 species (Long, 1999; Taylor et al., 2010). In the C4 photosynthetic 
pathway, CO2 is first incorporated in the mesophyll cells into organic acids. Once it is 
transported to the bundle sheath cells, where chloroplasts are concentrated, decarboxylation of 
organic acids generates high levels of CO2 allowing high rates of carbon fixation in the Calvin-
Benson cycle. 
Sorghum is generally grown in arid and semiarid regions of the world due to its tolerance 
to abiotic stress (Tari et al., 2013). This tolerance is the outcome of diverse morphological and 
physiological adaptations that include an extensive root system (Jordan and Miller, 1980), 
epicuticular wax accumulation (Jordan et al., 1984), an osmotic adjustment capacity (Basnayake 
et al., 1994), tolerance to salinity (Bavei et al., 2011), and delayed senescence or “stay green” 
traits associated with drought tolerance in reproductive stages (Borrell et al., 2000). Breeding 
programs have made efforts to develop sorghum cultivars better adapted to environmental stress, 
including cold, drought, and heat (Sullivan and Ross, 1979; Clegg et al., 1983; Miller and 
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Kebede, 1984; Salas Fernandez et al., 2014). However, substantial increases in yield and stress 
adaptation are necessary in the context of enhanced variability associated with future climate 
scenarios (FAO, 2016). The achievement of these ambitious breeding goals could be possible by 
the exploitation of the significant genetic diversity available in sorghum germplasm pool 
(Rooney, 2004). 
The Importance of Photosynthesis 
Photosynthesis is the essential biochemical process in which light energy is converted 
into biochemical energy and is the basis of crop production. Significant solar energy is not 
utilized for wave lengths outside of the range 400-740 nm, and a proportion of the absorbed light 
is transmitted and reflected, causing photochemical inefficiencies and energy losses (Zhu et al., 
2008b). However, there are opportunities to increase photosynthetic efficiency and therefore, 
improve crop yield potential (Long et al., 2006; Zhu et al., 2010).  
Yield increases achieved in the last few decades have been accomplished by improved 
agronomical practices and the use of higher yielding cultivars (Evans, 1993; Long et al., 2006; 
Smith et al., 2014). The contribution of plant breeding to genetic gains has been done through 
improvements in light energy capture and partitioning of assimilates to harvestable organs. For 
example, the use of semi-dwarf cultivars in rice and wheat increased harvest index, the 
proportion of biomass allocated to grains (Evans, 1997). In maize, modern hybrids were 
developed with more erect leaves, which facilitates the light distribution throughout the canopy 
and enables higher planting densities, increasing yield per unit of land (Duvick and Cassman, 
1999). However, improvements in light energy capture and harvest index are reaching their 
biological limit and, therefore, further increases in yield need to be accomplished with different 
approaches. The selection of genotypes with improved photosynthetic capacity may be one 
promising approach (Long et al., 2006; Flood et al., 2011). 
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The adequate supply of assimilates from photosynthesis is essential to sustain plant 
growth and yield. However, associations between gas exchange measurements of leaf 
photosynthetic rate and biomass or grain yield have been erratic (Evans, 1997; Long et al., 
2006), showing positive (Peng et al., 1991), negative (Evans and Dunstone, 1970; Austin et al., 
1982) or non-significant correlations (Crosbie et al., 1978). This inconsistency might be related 
to methodological issues, given the multiple factors that affect data collection, accuracy and 
precision. For instance, the photosynthetic rate of a particular genotype can be affected by leaf 
age, changes throughout the day, and plant to plant variation. Not surprisingly, breeding efforts 
to increase yield through photosynthesis have been unsuccessful (Crosbie and Pearce, 1982). 
However, Long et al. (2006) proposed alternative routes to increase yield via enhanced 
photosynthetic capacity: i) the development of a Rubisco with a decreased oxygenase activity 
without decreasing its catalytic rate; ii) the engineering of C4 photosynthesis into C3 crops; iii) 
improvements in canopy architecture; iv) increasing the rate of recovery from photoprotection; 
v) the introduction of higher catalytic rate forms of Rubisco from other species; and vi) 
improvements in the regeneration capacity of RuBP via overexpression of SBPase. In order to 
achieve these goals, it is essential to develop a better understanding of the genetic architecture of 
photosynthetic processes and exploit the natural allelic variation in commercial crops (Long et 
al., 2006; Zhu et al., 2010; Takahashi and Badger, 2011). 
Photosynthesis under Abiotic Stress 
Photosynthesis can be severely affected by abiotic stress, and the effects on biomass 
accumulation and yield depends largely on the severity, duration, and phenological stage of the 
stress (Massacci et al., 1996; Chaves et al., 2003; Maulana and Tesso, 2013; Zegada-Lizarazu 
and Monti, 2013). A stress condition, coupled with high light intensity, generates an excess of 
energy that can lead to photoinhibition, inactivating photosystem II (PSII) activity (Haldimann et 
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al., 1996; Pimentel et al., 2005). This condition can drive the transfer of energy from chlorophyll 
to oxygen, creating harmful reactive oxygen species. However, plants have developed several 
mechanisms to protect themselves from excessive light, generally referred to as photoprotection. 
One of the critical processes is the dissipation of excess light energy as heat through 
conformational changes in the light harvesting complex of PSII, mediated by carotenoid 
pigments through the xanthophyll cycle, in which violaxanthin is converted into zeaxanthin 
(Demmig-Adams et al., 1989; Ruban et al., 2012). Other important photoprotection processes 
include the reduction in light absorption through chloroplast movement (Kagawa, 2002), and in 
antenna size (Bailey et al., 2001), the cyclic electron flow around PSI (CEF) that prevents the 
over-reduction in the electron transport pathway (Munekage et al., 2004), and the repair of 
damaged D1 proteins of PSII by the ATP-dependent metalloprotease FtsH (Lindahl et al., 2000).  
The changes generated by photoprotection mechanisms affect efficiencies of the light 
reactions, which can be assessed through chlorophyll fluorescence quenching analysis using 
portable pulse amplitude-modulated chlorophyll fluorometers. Chlorophyll fluorescence 
combined with gas exchange measurements have facilitated the characterization of in vivo 
response of photosynthesis to a variety of stress conditions, including drought, salinity (Netondo 
et al., 2004), and cold (Nie et al., 1992; Fracheboud et al., 1999; Kościelniak et al., 2005; Savitch 
et al., 2009; Strigens et al., 2013) in several crops. 
Sorghum presents important natural variation in photosynthesis and chlorophyll 
fluorescence under non-stress and stress conditions (Kidambi et al., 1990; Peng and Krieg, 1992; 
Henderson et al., 1998; Balota et al., 2008; Fiedler et al., 2014; Salas Fernandez et al., 2015), 
which suggests that selection and genetic improvement for photosynthetic capacity could be 
feasible. However, it is necessary to conduct quantitative genetic studies to address a knowledge 
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gap that exists about the genetic mechanisms that control carbon assimilation and 
photoprotection under non-stress or stress conditions in sorghum.  
Cold Stress in Sorghum 
Due to its tropical origin, sorghum is particularly susceptible to low temperature stress. 
Cold conditions in early developmental growth can negatively affect germination, biomass 
accumulation and grain yield (Franks et al., 2006; Maulana and Tesso, 2013). Sorghum 
agronomic performance is affected when exposed to temperatures below 20 °C (Peacock, 1982), 
similar to most C4 photosynthetic species (Taylor and Rowley, 1971; Long et al., 1983; Wang et 
al., 2008; Fiedler et al., 2014). Carbon assimilation is limited in temperatures below 20 °C due to 
a reduced Rubisco capacity and content in C4 compared with C3 plants (Sage, 2002; Kubien et 
al., 2003). Limitations in leaf photosynthetic rate are also related to instability of pyruvate 
phosphate dikinase (PPDK), impairing the capacity to regenerate phosphoenolpyruvate in 
mesophyll cells (Naidu et al., 2003; Naidu and Long, 2004; Wang et al., 2008). However, there 
are multiple C4 grasses adapted to cold conditions, such as miscanthus (Miscanthus×giganteus) 
and Spartina cynosuroides, for which an increase in Rubisco and PPDK content have been 
reported when exposed to low temperatures (Naidu et al., 2003; Wang et al., 2008). 
Several studies have discovered quantitative trait loci (QTL) for germination and early 
growth parameters under cold conditions (Knoll et al., 2008; Burow et al., 2010; Fiedler et al., 
2012; Bekele et al., 2014), and a few studies have tested chlorophyll fluorescence traits in 
sorghum (Fiedler et al., 2014, 2016).  Additionally, differentially expressed genes under cold 
conditions have been reported in sorghum (Chopra et al., 2015). However, natural allelic 
variation in gas exchange parameters under cold remains unexplored in sorghum. The finding of 
QTL that affect both dark and light reactions of photosynthesis as well as photoprotection 
mechanisms is essential to develop genotypes with superior photosynthetic performance.  
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Drought Stress in Sorghum 
Sorghum is considered a drought tolerant crop due to its morphological and physiological 
adaptations (Tari et al., 2013). For instance, sorghum presents heat tolerance, high water use 
efficiency (Steduto et al., 1997), osmotic adjustment (Ludlow et al., 1990), an extensive root 
system capable of extracting water and sustaining stomatal opening at low water potential, and 
epicuticular wax that reduces transpiration through reduction of cuticular conductance and 
reflection of excess light. However, more severe water stress can significantly reduce both 
growth and yield (Peng et al., 1991; Younis et al., 2000; Sankarapandian et al., 2013). 
Drought stress reduces photosynthesis via stomatal and non-stomatal processes (Lawlor, 
2002). As water content in the soil decreases, plants tend to close stomata and thus stomatal 
conductance and transpiration are reduced, limiting photosynthesis. However, under more severe 
water limitation, non-stomatal processes are also affected, reducing both leaf photochemistry and 
carbon metabolism, and increasing oxidative stress (Chaves et al., 2009).  
Plants respond to drought with a signal transduction cascade to mitigate dehydration 
effects, leading to the expression of regulatory genes including transcription factors, protein 
kinases and phosphatases, among others. In general, response mechanisms are divided into 
Abscisic Acid (ABA)-dependent or independent. ABA is a phytohormone produced in roots and 
shoots that induces the expression of functional and regulatory genes, increasing root growth, 
and producing stomatal closure and a reduction in leaf expansion (Chaves et al., 2003; Yang et 
al., 2010). In general, ABA-independent genes include a conserved promoter region known as a 
dehydration responsive element (DRE). Drought-stress sensing and signaling cascades result in 
the production of compounds that protect membrane stability and enzymatic activity, repair cells 
damaged by oxidative stress and relief excess light energy in the photosynthetic machinery. 
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In order to discover genes/genomic regions related to photosynthetic adaptation to 
drought stress, it is required to generate reproducible and homogeneous soil water content 
conditions with a suitable control of the stress duration and intensity (Collins et al., 2008; Blum, 
2011; Tuberosa, 2012; Großkinsky et al., 2015). The comparison of genotypic performance by 
simply withdrawing irrigation can lead to confounded effects between levels of stress and 
genotypes. To overcome this problem, it is necessary to develop reliable and low-cost irrigation 
systems that could be scaled up to achieve the high-throughput needed for large scale genomic 
studies. 
Genome-Wide Association Studies 
Historically, the genetic basis of quantitative traits has been investigated through linkage 
mapping. In this type of study, populations are developed by crossing two contrasting 
homozygous lines and then, genomic regions associated with the trait of interest are identified in 
their segregating progeny (Tanksley, 1993; Stuber, 1995). In contrast, Genome-Wide 
Association Studies (GWAS) use a diverse collection of accessions to identify the association 
between genetic markers and the phenotype of interest, presenting multiple advantages over 
linkage mapping (Lander and Schork, 1994; Risch and Merikangas, 1996). GWAS exploit 
ancestral recombination providing better mapping resolution, investigate a larger number of 
alleles, and require little time to establish experimental populations (Hirschhorn and Daly, 2005; 
Yu and Buckler, 2006).   
In GWAS, it is important to correct for spurious associations that could result from 
population structure (Q) and within-group familial relatedness (K) (Pritchard et al., 2000; Yu and 
Buckler, 2006; Zhu et al., 2008a). To address this problem, the use of mixed models that include 
estimated K and Q matrices have been developed to help prevent discoveries that should be 
attributed to differences between sub-populations rather than genetic differences (Yu et al., 
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2006). Q is a matrix that assigns each accession a membership coefficient to each of the 
estimated subpopulations, while the K matrix defines the degree of genetic covariance among 
accessions. Both Q and K matrices can be estimated using random markers evenly distributed 
across the genome (Pritchard et al., 2000; Flint-Garcia et al., 2003; Gaut and Long, 2003; 
Pearson and Manolio, 2008). Linkage disequilibrium (LD) is defined as the non-random 
association of alleles between genetic loci. The LD between functional loci and physically linked 
markers is the basis for discovering significant signals in a GWAS. Therefore, the identification 
of candidate genes is dependent upon the decay of LD over physical distance in a population. In 
sorghum, the decay in linkage disequilibrium (LD) to background levels (r2 < 0.1) varies 
between 15 and 150 kb, depending on the population size and the genome coverage of markers 
used (Hamblin et al., 2005; Bouchet et al., 2012; Morris et al., 2013). 
Objectives 
The overall goal of this dissertation is to characterize the genetic architecture of the 
photosynthetic capacity of sorghum under non-stress and abiotic stress conditions. The 
hypothesis is that natural genetic variation in genes controlling photosynthesis and 
photoprotection mechanisms is responsible for different adaptation capacities to environmental 
stresses. The main objectives of the present study are: 
1. To discover markers/genomic regions associated with variations in gas exchange 
and chlorophyll fluorescence traits under both optimal and low temperature stress 
conditions during the vegetative growth period.  
2. To develop an automated irrigation system that allows for a controlled and 
consistent dry-down of genotypes, to ensure a similar stress condition in all 
plants, maintaining the same target Volumetric Water Content (VWC) in all 
accessions during the evaluation stress period. 
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3. To discover markers/genomic regions associated with variations in gas exchange 
and chlorophyll fluorescence traits under both optimal and water limited 




CHAPTER 2.    GENETIC ARCHITECTURE OF PHOTOSYNTHESIS IN SORGHUM 
BICOLOR UNDER NON-STRESS AND COLD STRESS CONDITIONS 
Modified from a paper published in The Journal of Experimental Botany 68 (16): 4545–
4557 doi.org/10.1093/jxb/erx276 
Diego Ortiz1, Jieyun Hu1, Maria G Salas Fernandez1 
1Department of Agronomy, Iowa State University, Ames, IA 50010. 
Abstract 
Sorghum (Sorghum bicolor L. Moench) is a C4 species sensitive to the cold spring 
conditions that occur at northern latitudes, especially when coupled with excessive light, and that 
greatly affect the photosynthetic rate. The objective of this study was to discover genes/genomic 
regions that control the capacity to cope with excessive energy under low temperature conditions 
during the vegetative growth period. A genome-wide association study (GWAS) was conducted 
for seven photosynthetic gas exchange and chlorophyll fluorescence traits under three 
consecutive temperature treatments: control (28°C/24°C), cold (15°C/15°C) and recovery 
(28°C/24°C). Cold stress significantly reduced the rate of photosynthetic CO2 uptake of sorghum 
plants and a total of 143 unique genomic regions were discovered associated with at least one 
trait in a particular treatment or with derived variables. Ten regions on chromosomes 3, 4, 6, 7, 
and 8 that harbor multiple significant markers in linkage disequilibrium (LD) were consistently 
identified in gas exchange and chlorophyll fluorescence traits. Several candidate genes within 
those intervals have predicted functions related to carotenoids, phytohormones, thioredoxin, 
components of PSI and antioxidants. These regions represent the most promising results for 





Sorghum (Sorghum bicolor L. Moench) is a crop of tropical origin that has been 
successfully introduced to high latitudes. However, spring conditions can expose early stages to 
cold events that negatively affect germination and growth, reducing sorghum biomass production 
and yield (Franks et al., 2006; Maulana and Tesso, 2013). In order to expand the growth period 
and increase productivity, it is essential to develop sorghum cultivars better adapted to cold 
conditions. 
Decreases in growth can be explained by the sensitivity of the photosynthetic apparatus 
of C4 species like sorghum and maize (Zea mays) to low temperatures (Taylor and Rowley, 
1971; Long et al., 1983; Wang et al., 2008; Fiedler et al., 2014). Temperatures below 20°C cause 
chilling stress in sorghum, which greatly affect the agronomic performance of this crop 
(Peacock, 1982). Rubisco activity is a major limitation to carbon assimilation in temperatures 
below 20°C due to a reduced Rubisco capacity and content in C4 compared to C3 plants (Sage, 
2002; Kubien et al., 2003). Reductions in leaf photosynthetic rate are also related to instability of 
pyruvate phosphate dikinase (PPDK) under cold conditions, which impairs the capacity to 
regenerate phosphoenolpyruvate in mesophyll cells (Naidu et al., 2003; Naidu and Long, 2004; 
Wang et al., 2008). However, there are multiple C4 grasses adapted to cold conditions, such as 
miscanthus (Miscanthus×giganteus) and Spartina cynosuroides, for which an increase in 
Rubisco and PPDK content has been reported when exposed to low temperatures (Naidu et al., 
2003; Wang et al., 2008).  
A cold condition, coupled with excessive light, can lead to photoinhibition (Haldimann et 
al., 1996; Pimentel et al., 2005) and drive the transfer of energy from chlorophyll to oxygen 
creating harmful reactive oxygen species. However, plants have developed several mechanisms 
to protect themselves from excessive light, generally called photoprotection. Plants can reduce 
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light absorption through chloroplast movement (Kagawa, 2002) and reduction of antenna size 
(Bailey et al., 2001). Additionally, carotenoid pigments can dissipate the excess energy through 
the xanthophyll cycle, in which violaxanthin is converted into zeaxanthin. This generates a 
conformational change in the antenna of PSII that allows the plant to dissipate excess energy as 
heat (Demmig-Adams et al., 1989). Other important photoprotection processes include the cyclic 
electron flow around PSI (CEF) that prevents the overreduction in the electron transport pathway 
(Munekage et al., 2004), and the repair of damaged D1 protein of PSII by the ATP-dependent 
metalloprotease FtsH (Lindahl et al., 2000). Although mutant studies in model species have 
revealed important genes affecting these processes, their natural allelic variation in commercial 
crops remains unexplored (Long et al., 2006; Zhu et al., 2010; Takahashi and Badger, 2011). 
Most of the photoprotection mechanisms affect efficiencies of the light reactions, which 
can be assessed through chlorophyll fluorescence quenching analysis. The use of portable pulse 
amplitude modulated chlorophyll fluorometers enables a deeper understanding of the functioning 
of the photosynthetic apparatus. Coupled with gas exchange measurements, chlorophyll 
fluorescence has facilitated the characterization of the in vivo response of photosynthesis to a 
variety of stress conditions, including drought (Kiani et al., 2008; Gu et al., 2012a), salinity 
(Netondo et al., 2004) and cold (Fracheboud et al., 1999; Nie et al., 1992; Kościelniak et al., 
2005; Savitch et al., 2009; Strigens et al., 2013) in several crops.  
There is evidence of important photosynthesis and chlorophyll fluorescence variability in 
sorghum (Kidambi et al., 1990; Peng and Krieg, 1992; Henderson et al., 1998; Balota et al., 
2008; Fiedler et al., 2014; Salas Fernandez et al., 2015), suggesting opportunities for selection 
and genetic improvement. Several studies have reported QTL for germination and early growth 
parameters under cold conditions (Knoll et al., 2008; Burow et al., 2010; Fiedler et al., 2012; 
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Bekele et al., 2014) but photosynthesis and photoprotection were not evaluated. Due to the 
complex nature of these physiological processes, quantitative genetic studies are limited but 
essential if improvements in photosynthetic capacity under stress is ever going to become a 
breeding goal. Even though selection for cold tolerance using chlorophyll fluorescence has been 
successful in maize (Fracheboud et al., 1999; Kościelniak et al., 2005), there is a significant 
knowledge gap about the genetic structure that controls carbon assimilation and photoprotection 
parameters under non-stress or cold conditions in sorghum. The objective of this work was to 
utilize natural variation within the species to discover genomic regions or genes that regulate the 
ability of sorghum plants to cope with excessive energy under low temperature stress conditions 
during the vegetative growth period. Closing this knowledge gap about the genetic control of 
photoprotective capacity could significantly boost the improvement of crop productivity under 
cold stress, particularly important and frequently present early in the growing season at northern 
latitudes. Additionally, the knowledge generated in this study could be leveraged by comparative 
genomics between sorghum and other grass species such as rice, maize, sugarcane and wheat. 
Materials and Methods 
Germplasm 
A total of 304 accessions from the Sorghum Association Panel were used in this study 
(Casa et al., 2008). This panel comprises accessions from major cultivated races and represents 
the genetic diversity of the crop. This panel has been used in association studies for traits like 
plant architecture (Morris et al., 2013; Mantilla Perez et al., 2014; Zhao et al., 2016) and grain 
quality (Sukumaran et al., 2012). 
Experimental Design 
The panel was arranged in an incomplete block design with eight sets or incomplete 
blocks of 39 accessions each. Sets were grown consecutively and two growth chambers were 
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used as replicates. Four accessions (PIs: 534021, 597966, 655975 and 548797) were included as 
checks in all sets to correct for set and chamber effects. They were selected based upon 
morphological differences (i.e. leaf size and shape) and photosynthetic response to cold from 
preliminary assays (data not shown). Accessions were randomized within each growth chamber 
and they were also randomized relative to the time of measurement. 
Growth Conditions 
Two plants per accession were grown in 6-L pots in a greenhouse. The photoperiod was 
set to 16 h using supplemental light, and air temperatures were set to 28°C/ 24°C for day and 
night, respectively. Plants were grown in Metro Mix 900 soil (Sun Gro Horticulture) and 
fertilized with Peters Excel Cal-Mag Fertilizer (15-5-15) every one or two days as needed. 
Miracid fertilizer (Miracle Gro ®) was applied every two weeks to correct for high pH in the 
water source, and a solution of 220 ppm Ca2+/96 ppm Mg was applied once to prevent Ca2+ 
deficiencies.  
Fifteen days after planting, the two plants per accession were transferred to each of two 
growth chambers (Percival, model PGW36T, capacity 11.28 m3) equipped with both high 
pressure sodium and metal halide lamps. Growth chambers, used as replicates, were set to 
identical conditions of 50% air relative humidity, 28°C day /24°C night temperatures and a 
photoperiod of 16 h, with light levels increasing from 7 to 8 am and decreasing from 5 to 10 pm, 
to mimic sunrise and sunset conditions. Additionally, when introduced from the greenhouse, 
plants were gradually adapted for two weeks from an initial photosynthetically active radiation 
(PAR) of 400 to a final value of 1,000 μmol photons m-2 s-1. 
Data were collected from 30-day old plants during three temperature treatment periods: 
control or non-stress (28°C/24°C for six days), cold stress (15°C/15°C for seven days) and 
recovery (28°C/24°C for five days). For details, see Supplementary Fig. S1. 
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Photosynthesis and Fluorescence 
Gas exchange and fluorescence parameters were collected using three LI-COR 6400XT 
portable open-path gas analyzers equipped with a 6400-40 Leaf Chamber Fluorometer (LI-COR, 
Lincoln, NE). Data were obtained at the following time points: i) control period: day 1, 3 and 6; 
ii) cold stress period: day 3 and 7; iii) recovery period: day 3 and 5.  
Fluorescence parameters were measured in the uppermost fully expanded leaf that was 
dark-adapted by covering with aluminum foil the night before. Measurements were taken in a 
younger expanded leaf in the cold and recovery treatments in order to prevent any ageing effect. 
Minimum chlorophyll fluorescence (Fo) was determined using a modulating radiation of three 
and maximum chlorophyll fluorescence (Fm) was obtained with a saturating pulse of 8,000 μmol 
m-2 s-1 for 0.8 s in dark adapted state. Variable chlorophyll fluorescence (Fv) was calculated as 
Fm-Fo, and maximum quantum yield of PSII as Fv/Fm. 
The same leaf was used for light and dark adapted measurements on the same day. 
Overnight dark adapted fluorescence was measured at the start of the day (6:30 to 8:00 am). 
After at least 30 min of light, gas exchange and fluorescence parameters were measured between 
9 am and 2 pm. Conditions in the LI-COR 6400XT leaf chamber cuvette were set to 1,000 μmol 
photons m-2 s-1 PAR, 400 ppm reference CO2 concentration and 50-60% relative humidity. Leaf 
temperature was set to 28°C during control and recovery days, and 15°C during cold days. The 
fraction of blue light was 10% of PAR level to maximize stomatal aperture. Light-adapted 
minimum chlorophyll fluorescence (Fo´) and maximum (Fm´) chlorophyll fluorescence were 
determined using a measuring light of three and a saturating pulse of 8,000 μmol m-2 s-1 for 0.8 s, 
respectively. Four stability parameters were monitored for each measurement (leaf carbon 
assimilation rate (A), stomatal conductance (gs), steady state fluorescence and water vapor 
concentration) and data were recorded when they reached stability, i.e. after a minimum of three 
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minutes and when the coefficient of variation was lower than 1.2. The following gas exchange 
parameters were recorded: A, gs and transpiration rate (E). Fluorescence parameters included: 
effective quantum yield of PSII (ΦPSII), efficiency of energy captured by open PSII reaction 
centers (Fv´/Fm´), and photo-chemical quenching or fraction of PSII reaction centers that are 
open (qP) (Genty et al., 1989; Maxwell and Johnson, 2000).  
Finally, for each of the previously described parameters, we defined the following 
derived variables: i) “Cumulative Response”; ii) the ratio between control and cold stress values; 
and iii) the ratio between cold and recovery performance. The “cumulative response” integrates 
the physiological performance of lines over all time periods and was estimated as the area under 
the seven-point measurement curve (graphically defined in Supplementary Fig. S2). Considering 
that different accessions have variable photosynthetic capacity under non-stress, this derived 
variable facilitates the evaluation of the stress response relative to the non-stress values.   
Statistical Analysis 
Variables were analyzed by treatment using the following number of replications: six for 
the control period (two plants and three time replications/plant), four for the cold treatment (two 
plants and two time replications/plant) and four for the recovery period (two plants and two time 
replications/plant). Variables were also analyzed over all treatments (called “cumulative 
response”) using a total of 14 data points per genotype (two plants, seven measurements over 
treatments), and as a ratio between control and cold and between cold and recovery treatments. 
Statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC, USA). 
Days of measurement were considered a replication over time within each temperature treatment 
period. BLUPs were estimated for each accession and physiological parameter using Proc 
MIXED. The model for A, E, gs, qP, ΦPSII, and Fv´/Fm´ for each evaluation period (control, cold 
and recovery) was: 
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Yijklm = μ + Si + R(i)j + Dk + Gl + Mm + εn                      (1) 
where Yijklm is the response variable, μ is the overall mean, Si is the set effect, R(i)j is the 
replication nested in set effect (that corresponds to growth chamber effects), Dk is the day effect 
for each period, Gl is the genotype (accession) effect, M is machine (gas analyzer) effect and εn 
is the residual.  
For Fv/Fm, machine effect was not significant and thus, it was excluded from the final 
model. The Fv/Fm model for each of the three treatment periods was: 
Yijklm = μ + Si + R(i)j + Dk + Gl + εm                      (2) 
Finally, there was a small but significant effect of leaf temperature on A during the cold 
period, so it was included as a covariate in the model for these two variables. In the different 
models described in (1) and (2), day and machine were considered fixed effects while set, 
replication nested in set and genotype effects were treated as random. 
In all cases, BLUPs obtained as described above were further used as phenotypic values 
in a genome-wide association study (GWAS). Descriptive statistics and correlations coefficients 
were estimated using PROC CORR in SAS.  
Heritability (h2) was estimated for each trait as:  
h2 = σ2G / [σ2G + (σ2ε/ r)]  
where σ2G is the genotypic variance, σ2 ε is the error variance and r is the number of 
replications. Heritability, as estimated herein, provides a quantification of data repeatability. 
GWAS 
A Mixed Linear Model was fitted for each variable using TASSEL software version 
5.2.12. This model accounts for population structure (Q, fixed) and kinship (K, random) effects 
to minimize spurious associations (Zhang et al., 2010). Q and K were calculated using 
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STRUCTURE 2.2.3 (Pritchard et al., 2000) and SPAGeDi 1.4 (Hardy and Vekemans, 2002) 
respectively, as described in Mantilla Perez et al. (2014).  
The original public data set of ~260,000 single-nucleotide polymorphisms (SNPs) 
(http://www.morrislab.org/data) generated using genotyping-by-sequencing (GBS) (Elshire et 
al., 2011; Morris et al., 2013) was filtered based on two criteria: missing data < 40% and minor 
allele frequency > 5%. A final set of 134,600 SNPs was subsequently used in a GWAS for all 
traits. Additionally, markers for photosynthesis and photoprotection a priori candidate genes 
were investigated according to Mantilla Perez et al. (2014). In summary, genes were first 
identified in model species and protein sequences were obtained from the National Center for 
Biotechnology Information databases. TBLASTN was used to search homologous sequences in 
the sorghum genome from phytozome V1.4 (Paterson et al., 2009). If no GBS markers were 
available for the targeted candidate genes, new SNPs were developed and genotyped using a 
SNPtype™ Assay (Fluidigm) on the Fluidigm BioMarkTM system and GT 96.96 Dynamic Array 
Integrated Fluidic Circuits of Fluidigm. A total of 188 markers (considering both GBS and 
Fluidigm data sets) within or 5 kb upstream/downstream of 67 photosynthesis and 
photoprotection candidate genes were included in the GWAS. A detailed description of genes 
and markers is provided in Supplementary Table S11. Additionally, we explored genes within 55 
kb from significant SNPs, considering that, in sorghum, the linkage disequilibrium (LD) decay to 
background levels (r2 < 0.1) has been reported within 15-150 kb (Hamblin et al., 2005; Bouchet 
et al., 2012; Morris et al., 2013). 
The trait-specific significance threshold was established based on False Discovery Rate, 
calculated using QVALUE software (Storey and Tibshirani, 2003), to control for false positive 




Leaf samples were collected on the last day of the cold treatment from the same leaf used 
for phenotypic measurements. We selected two groups of five accessions that were among the 
highest and lowest for E in the cold treatment, to test expression of three candidate genes 
(Sb08g007310, Sb08g007340, and Sb08g016070). Each group harbored a different allele of the 
significant SNP located close to or within the selected genes. 
RNA extraction was performed using an RNeasy Mini Kit (QIAGEN, Valencia, CA) and 
RNA product was treated with DNase I to eliminate genomic DNA. RNA quality and quantity 
was tested with a NanoDrop spectrophotometer (NanoDrop Technologies, Wilmington, DE). 
RT-PCR was performed using SuperScript® III RT for cDNA synthesis and PCR product was 
run on a 1% agarose gel using SYBR Safe dye.  
Results 
Analysis of Phenotypes 
Significant variation was observed for all gas exchange and chlorophyll fluorescence 
variables (Fig. 1) but cold and recovery treatments generated larger ranges of variation than 
control. Gas exchange variables decreased from control to cold periods more markedly (40-78%) 
than fluorescence variables (11-56%). Additionally, ΦPSII and qP were the most affected 
fluorescence traits during the cold period (Supplementary Figs. S3 and S4). There were several 
significant correlations between variables in individual periods and when evaluated over 
treatments (Supplementary Tables S1-S6). gs and E were correlated with almost all variables, 
which highlights the importance of stomatal effects on the physiological traits under 
investigation. E, gs, ΦPSII and qP had the highest positive correlations with A (P < 0.001).  
As expected based on the general correlation trend, changes in A throughout temperature 
treatments were accompanied by changes in other gas exchange and fluorescence variables. 
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While A and gs decreased in cold and recovery treatments, reductions in A were proportionally 
larger in cold days at any gs value (Supplementary Fig. S5).  
The statistical analysis demonstrated that adequate variation for an association study 
exists in this panel since genotype (accession) was the only significant random effect for all traits 
(P < 0.05), with variance estimates, in general, larger than set and replication nested in set, i.e. 
growth chamber effect (Supplementary Table S7). Among the fixed effects, Day was significant 
for all variables (P < 0.05) while machine was not significant for E recovery, Fv´/Fm´ cold, 
Fv´/Fm´ recovery and ΦPSII recovery. Heritability values were intermediate for most variables, 
ranging from 0.31 to 0.54, with low values observed only for Fv/Fm cold and recovery (h
2=0.23 
and 0.12 respectively) (Fig. 1).  
Genome-Wide Association Results 
Significant marker-trait associations were detected for seven traits throughout three 
individual temperature periods and for their derived variables cumulative response, ratio control-
cold and ratio cold-recovery (Table 1, Fig. 2; Supplementary Table S8, Supplementary Figs. S6-
S12). The number of significant markers varied between traits, from a minimum of one SNP for 
each of two variable-treatment combinations (A control and qP recovery), to many markers in all 
chromosomes for one parameter (E control). The percentage of the phenotypic variance 
explained by each marker (R2) ranged from 5.3 to 14%, with the highest R2 observed for marker 
S6_47621281 in Fv/Fm during the recovery treatment. No single SNP was coincidently associated 
with a trait in multiple temperature treatments but marker Sb03g004670 was significant in both 
control and cold for two highly correlated traits (E and gs). Additionally, in several cases the 
same marker-trait association was detected for both an individual period and when treatments 
were integrated in a derived variable (Supplementary Table S8). E.g. S7_55202510 explained 




Figure 1. Box plots of gas exchange and chlorophyll fluorescence traits based on BLUPs for control, cold, and recovery 
periods. h2 = heritability; A= photosynthesis; E= transpiration, gs= stomatal conductance, Fv/Fm= maximum quantum 
yield of PSII, ΦPSII=effective quantum yield of PSII; Fv´/Fm´=efficiency of energy captured by open PSII reaction 
centers and qP=photo-chemical quenching or fraction of PSII reaction centers that are open. 
 
There were no significant marker-trait associations for the specific set of SNPs within or 
close (+/- 5 kb) to the 67 a priori candidate genes (Supplementary Table S11, Supplementary 
Figs. S6-S12), though in some cases, the q values were close to the significance threshold.  
In general, results for genome-wide markers could be summarized as those significant 
polymorphisms that were within genes with predicted functions related to photosynthesis or 
stress response and those SNPs physically close to candidate genes with a maximum distance of 
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approx. 55 kb (Supplementary Table S9-S10). Gene annotations of the former group include 
transcription factors, ATPase transporters and genes related to carbon metabolism while the 
second group include genes associated with photosynthetic processes, photosystem composition 
and hormonal groups that determine plant responses to environmental stimulus. In both cases, 
these genes are suggested as good candidates for further validation experiments. 
Considering the large number of significant regions identified, we proposed a strategy to 
prioritize these discoveries considering that those markers/chromosomal segments 
simultaneously associated with gas exchange and chlorophyll fluorescence traits represent the 
most promising and robust results for future validation. Using this prioritization criterion, we 
identified ten regions on chromosomes 3, 4, 6, 7 and 8 that contained several SNPs in LD, and 
explained variation in one or more gas exchange traits and chlorophyll fluorescence parameters 
(Fig. 2, Table 2, Supplementary Figs. S6-S12 and Supplementary Table S9). 
Three candidate genes (Sb08g007310, Sb08g007340, and Sb08g016070) were selected 
from these consistently significant regions, for further investigation based on the proximity or 
co-localization with significant SNPs, and on homology with photosynthesis and stress response 
genes. Expression of these three genes were tested in two groups of five accessions each, with 
the corresponding contrasting phenotypes, i.e. high and low E in the cold treatment 
(Supplementary Fig. S13). While there was no detectable expression of Sb08g007340 and 
Sb08g016070, we found evidence of lower expression levels of Sb08g007310, a member of the 
Glutathione S-transferase (GST) family, on leaves of accessions with low E in cold stress 





Table 1. Summary of significant SNPs associated with photosynthesis and chlorophyll fluorescence traits in three temperature periods. 
Trait FDR threshold 
Corresponding  
p value Chromosome R2 range 
No. of significant  
SNP representative regions* 
A control 0.095 7.93E-07 8 (0.104-0.104) 1 
E control 0.162 1.15E-04 1-10 (0.053-0.115) 40 
gs control 0.096 3.31E-06 1 (0.08-0.089) 2 
Fv'/Fm' control 0.109 7.30E-05 1,2,4,5,6,8,10 (0.056-0.108) 16 
ΦPSII control 0.155 6.87E-06 1,8 (0.082-0.099) 3 
qP control 0.190 4.56E-06 4 (0.081-0.081) 1 
A cold 0.190 4.68E-06 7 (0.076-0.092) 1 
E cold 0.161 5.58E-05 1,3,5,6,8,9 (0.057-0.085) 19 
gs cold 0.132 3.07E-05 1,3,6,8,9 (0.061-0.095) 17 
ΦPSII cold 0.159 8.04E-06 7,8 (0.072-0.083) 2 
qP cold 0.192 3.10E-05 2,3,4,9 (0.06-0.1) 6 
A recovery 0.138 2.40E-06 4,8 (0.099-0.105) 2 
Fv/Fm recovery 0.092 2.25E-06 2,4,6 (0.088-0.14) 3 
qP recovery 0.199 7.49E-05 3 (0.116-0.116) 1 
A cumulative response 0.176 4.79E-05 3,4,6,7,8,9 (0.058-0.1) 13 
E cumulative response 0.176 9.09E-05 1-9 (0.053-0.091) 19 
gs cumulative response 0.144 4.18E-05 1,3,4,5,6,7,8,9 (0.06-0.092) 18 
ΦPSII cumulative response 0.152 4.62E-05 2,3,4,6,7,8 (0.059-0.092) 14 
qP cumulative response 0.078 7.08E-07 1-10 (0.056-0.103) 21 
E ratio control-cold 0.118 3.66E-05 1,2,3,8,10 (0.06-0.104) 9 
gs ratio control-cold 0.113 4.04E-05 1,3,4,8,9,10 (0.061-0.129) 17 
ΦPSII ratio control-cold 0.189 1.95E-05 1,3,6,7,8 (0.068-0.093) 7 
ΦPSII ratio cold-recovery 0.073 1.11E-06 1 (0.086-0.09) 2 
qP ratio control-cold 0.186 5.25E-05 1,2,3,5,6,7,8 (0.06-0.099) 12 
A= photosynthesis (μmol CO2 m-2 s-1); E= transpiration (mmol H20 m-2 s-1), gs= stomatal conductance (mol H20 m-2 s-1), Fv/Fm= maximum quantum yield of PSII, 
ΦPSII=effective quantum yield of photosystem II; Fv´/Fm´=efficiency of energy captured by open PSII reaction centers and qP=photo-chemical quenching or 




Figure 2. Most relevant genome-wide association results for photosynthesis and chlorophyll fluorescence for 
further validation studies. Horizontal red line indicates significance threshold based on False Discovery Rate. Each 
single-nucleotide polymorphism is represented by a dot. Shaded colored areas highlight the most interesting genomic 
regions consistently identified associated with both gas exchange and chlorophyll fluorescence traits. Each color 
represents a unique region defined by LD levels and described in Table 2. Manhattan plots for gs ratio control-cold gs 
cumulative response, qP cumulative response and ΦPSII ratio control-cold were not included in the figure for simplicity. 
A= photosynthesis (μmol CO2 m-2 s-1); E= transpiration rate (mmol H20 m-2 s-1); gs= stomatal conductance (mol H20 
m-2 s-1); ΦPSII=effective quantum yield of PSII; and qP=photo-chemical quenching or fraction of PSII reaction centers 




Effect of Control Temperature on Gas Exchange and Chlorophyll Fluorescence Traits 
Gas exchange and chlorophyll fluorescence parameters presented a wide range of 
variation, suggesting that selection and genetic improvement of these traits are possible (Flood et 
al., 2011, Fracheboud et al., 1999; Kościelniak et al., 2005). The range of variation in A values 
was similar to those previously reported in sorghum under optimal temperature conditions in the 
greenhouse (Peng and Krieg, 1992; Balota et al., 2008; Xin et al., 2009; Salas Fernandez et al., 
2015) and lower than maximum values in the field (Kidambi et al., 1990; Peng and Krieg, 1992; 
Henderson et al., 1998; Balota et al., 2008). A comparative analysis of the photosynthetic rate of 
several accessions in common with Balota et al. (2008) and Salas Fernandez et al. (2015) 
demonstrated a consistent ranking of materials, i.e. Tx430 (PI 655996), SC265 (PI 533766) and 
SC56 (PI 533910) ranked among the highest in A while El Mota (PI 656035) and Kuyuma (PI 
656044) presented the lowest A values.  
Fv/Fm represents the maximum quantum yield of PSII (Maxwell and Johnson, 2000), and 
the observed values under control temperature agree with those reported in C4 species (Björkman 
and Demmig, 1987, Fracheboud et al., 1999, Friesen et al., 2014) including sorghum (Cousins et 
al., 2002).  
Characterizing the photosynthetic performance of a large number of accessions is a 
challenging task, given the multiple factors that can affect data accuracy and precision. For 
instance, photosynthetic rate of a genotype can be affected by the age of the leaf, changes 
throughout the day, and plant to plant variation. The intermediate h2 observed in our study for 
most variables, similar to those reported for other species (Hervé et al., 2001; Fracheboud et al., 
2004; Gu et al., 2012b), are evidence of these non-genetic effects and, the physiological and 
genetic complexity of these traits. Therefore, it is not surprising that direct breeding efforts to 
27 
 
obtain higher photosynthetic performance have been elusive in the past (Crosbie and Pearce, 
1982; Flood et al., 2011).  
Effect of Cold and Recovery Treatments on Gas Exchange and Chlorophyll Fluorescence 
Traits 
Cold and the subsequent recovery treatments significantly reduced all traits, in agreement 
with previous reports for C4 species (Fracheboud et al., 1999, Kościelniak et al., 2005, Fiedler et 
al., 2012; Bekele et al., 2014). In our study, plants were grown under optimal conditions and 
subsequently exposed to low temperature, which resembles a cold event during spring. This 
contrasts with other reports in maize (Kościelniak et al., 2005) and sorghum (Fiedler et al., 2014, 
2016; Bekele et al., 2014), in which plants were grown under suboptimal temperatures 
throughout the experiment. The physiological mechanisms explaining contrasting genotypes are 
different in each case, since in our study both direct cold responses and cold 
acclimation/adaptation likely played an important role to determine the genotype specific 
performance. 
The decrease in A was accompanied by lower gs under cold and recovery treatments, but 
at any given gs value, A was lower in the cold than in the recovery period (Supplementary Fig. 
S5), confirming that, as reported in maize (Fracheboud et al., 2002, Nie et al., 1992), stomata 
were not the only factor limiting A at low temperature.  
The lower ΦPSII under cold stress indicates a reduction in the rate of linear electron 
transport, a phenomenon also reported in maize (Fracheboud et al., 1999, Kościelniak et al., 
2005) and miscanthus (Friesen et al., 2014). The observed simultaneous decrease in Fv´/Fm´and 
qP suggests some level of stress-induced saturation and photodamage. Fracheboud et al. (1999) 
reported similar results in maize grown under optimal conditions and exposed to cold stress. 
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However, when constantly grown under suboptimal conditions, lower ΦPSII values were 
associated mostly with decreases in Fv´/Fm´ (Fracheboud et al., 1999; Kościelniak et al., 2005). 
The reductions in Fv´/Fm´ in the cold and recovery treatment are evidence of an increase 
in non-photochemical quenching. Under cold stress, plants experience ∆pH dependent 
conformational changes in the PSII antenna associated with PsbS protein and the xanthophyll 
cycle, which increases the energy dissipation capacity as heat, protecting PSII but reducing the 
utilization of light energy in photochemical processes (Ruban et al., 2012; Adams et al., 2006). 
Additionally, the lower Fv/Fm observed during cold and recovery days can be related to a degree 
of photodamage in the plants (Maxwell and Johnson, 2000), and the retention of xanthophyll 
cycle carotenoids as zeaxanthin and antheraxanthin (Adams et al., 2006). 
Genomic Regions Associated with Gas Exchange and Chlorophyll Fluorescence Traits 
A set of 10 regions were consistently associated with both gas exchange and chlorophyll 
fluorescence parameters and, considering the methodological differences between these two 
groups of traits, these markers on chromosomes 3, 4, 6, 7 and 8 (highlighted in Fig. 2, Table 2) 
represent the most promising discoveries for future validation studies. Candidate genes localized 
within 55 kb of the significant polymorphisms (Supplementary Table S9) have predicted 
functions related to photosynthesis, carbon and nitrogen metabolism, transcription factors, 
protein kinases, transporters, and several unknown proteins. 
Additional 133 markers/regions significantly associated with the traits of interest 
represent unique discoveries for a single variable or for multiple but derived traits (e.g. cold and 
cumulative response). These polymorphisms were physically close to a set of 99 candidate genes 
with diverse functions such as carotenoids, phytohormones, and components of PSI and PSII, 
among others (Supplementary Table S10). We present herein the most important SNPs/genomic 





Table 2. Significant chromosomal regions delimited by multiple SNPs in linkage disequilibrium. Some SNPs in these regions were 
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For control temperature  
We identified 60 SNPs/genomic regions associated with one or more traits in the control 
treatment and one of these regions included SNPs for both gas exchange and chlorophyll 
fluorescence traits, i.e. A control, E control, and ΦPSII control (Table 2, Fig. 2, Supplementary 
Table S9).  
Considering the multiple processes involved in photosynthesis, we hypothesized that 
natural photosynthetic variation in sorghum is controlled by genes related to stomatal limitations, 
Calvin cycle, and the light reactions. Our association results and their corresponding candidate 
genes support this hypothesis. E.g., the observed high correlations between A, E and gs implies 
that the regulation of stomatal aperture affected A in the control period and is supported by the 
seven markers within Abscisic aldehyde oxidase gene (AAO, Sb01g005650) that were associated 
with E control. Given the role of ABA in the regulation of stomatal aperture in response to 
environmental factors (Zhang and Davies, 1990; Trejo et al., 1995), the observed phenotypic 
variation in E and thus A, could be related to differences in ABA content in leaves (Conti et al., 
1994).   
The genotypic differences in ΦPSII are explained by variations in energy capture (Fv´/Fm´) 
and utilization (qP). Interestingly, the low correlation between the latter variables (Table S1) 
suggests that different mechanisms control these two processes. The efficiency of the light 
reactions could be affected by the carotenoid content in leaves, given their role in energy 
dissipation through the xanthophyll cycle, as pigments of the PS complexes and antioxidants 
(Müller et al., 2001). Supporting this hypothesis, three candidate genes related to carotenoid 
biosynthesis were discovered close to significant markers: Phytochrome interacting factor 4 
(PIF4, Sb08g019780 and Sb08g021000) in Fv´/Fm´, and 1-deoxy-D-xylulose 5-phosphate 
reductoisomerase (DXR, Sb03g008650) in E. Two of them (Sb08g019780 and Sb03g008650) 
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were a priori candidates but markers within or close (+/- 5 kb) to them were non-significant (as 
described above). However, these gene-specific markers were located on introns, downstream or 
represented synonymous polymorphisms and thus, considering that distant significant markers 
(in this case within 30.8 kb) could be in LD with a causal polymorphism, we still consider these 
genes important for further investigation.  
Differences in carbon fixation reactions could also be the underlying mechanism causing 
natural variation in photosynthesis. The two thioredoxin genes, Sb03g004670 and Sb06g029490, 
close to significant markers in E and Fv´/Fm´, support this hypothesis since they are related to 
light-dependent activation of chloroplastic enzymes in the Calvin cycle (Okegawa and 
Motohashi, 2015).  
Finally, genes of potential interest for further studies include several peroxidases, one 
ATP synthase (Sb01g042930) and a component of LHCI (Sb02g037410) (Supplementary Tables 
S9-S10).  
For cold and recovery 
A total of 37 SNPs/genomic regions were associated with one or more traits in the cold 
and recovery treatments, including five on chromosomes 7 and 8 that were significant for both 
gas exchange and chlorophyll fluorescence traits (Fig. 2, Table 2).  
Plants exposed to cold respond with a cascade of changes in gene expression regulated by 
transcription factors designated CBF, inducer of C-repeat binding factor (Chinnusamy et al., 
2007). Therefore, we hypothesize that transcriptional changes leading to cold acclimation are the 
main cause of differential photosynthetic responses under cold. Some evidence supporting this 
idea includes the APETALA2 transcription factor (Sb09g024400) identified close to a marker 
significant for E and gs. Members of this gene family are involved in the acclimation process and 
were differentially expressed in sorghum in response to cold (Chopra et al., 2015).  
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Multiple genes involved in oxidative stress, including peroxidases, Vitamin C deficient 2 
(VTC2, Sb03g042900), and heat shock proteins that act as protein chaperons in response to stress 
(Feder and Hofmann, 1999), were predicted close to associated markers. This evidence suggests 
that stress response genes are important for the sorghum photosynthetic response to cold. Most 
importantly, two Glutathione S-Transferase genes (GST, Sb08g007310 and Sb08g007340) were 
close to markers in one selected genomic region (Table 2). GSTs are a family of enzymes 
involved in herbicide detoxification, secondary metabolism and as peroxidases under cold 
conditions (Roxas et al., 1997). Considering the increased transcription of this gene family in 
response to stress (Glombitza et al., 2004; Chopra et al., 2015) and the differential expression of 
GST paralogs in sorghum accessions under cold (Chopra et al., 2015), the transcription of these 
two GST genes were investigated herein. This preliminary study confirmed the differential 
expression of Sb08g007310 in ten lines with extreme levels of E under cold stress 
(Supplementary Fig. S13). Additionally, we identified multiple Cytochrome P450 genes (CYP), 
members of the monooxygenase superfamily that catalyze oxidative reactions (Isin and 
Guengerich, 2007) and are involved in the biosynthesis of phytohormones and secondary 
metabolites (Morant et al., 2003). Differential expression of CYP genes has been reported in 
response to abiotic and biotic stress (Narusaka et al., 2004; Gelli et al., 2014), including cold in 
sorghum (Chopra et al., 2015).  
In miscanthus, a cold tolerant C4 species, acclimation to low temperature conditions is 
mostly due to the stability of PPDK enzyme (Wang et al., 2008). We did not find evidence that 
genes related to the C4 cycle are associated with sorghum response to cold. However, 
Phosphoenolpyruvate Carboxylase Kinase (Sb04g028135) is localized close to a marker 
significant for Fv/Fm recovery, and this enzyme is known to regulate the phosphorylation of 
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Phosphoenolpyruvate Carboxylase (Bakrim et al., 1993) and the response of C4 species to cold 
(Matsuba et al., 1997). Additionally, a significant marker for gs in cold is close to the same 
thioredoxin gene found in the control period (Sb03g004670), suggesting that the regulation of 
Calvin cycle enzymes is important under both temperature conditions. 
Three SNPs associated with A and ΦPSII in cold are 1-5 kb from Light-harvesting 
chlorophyll-protein complex I subunit A4 (LHCA4, Sb07g021260) (Supplementary Table S9), 
predicted as one of the four PSI polypeptides. Evidence suggests that LHCI can be affected by 
excessive light, particularly under cold stress (Terashima et al., 1994; Scheller and Haldrup, 
2005).  
The reductions in Fv´/Fm´ and Fv/Fm during cold and recovery days can be explained by 
an increase in non-photochemical quenching and photodamage, respectively (Ruban et al., 2012; 
Adams et al., 2006). The discovery of a marker close to Zeaxanthin Epoxidase (ZEP, 
Sb06g018220) in Fv/Fm supports this idea. This gene is responsible for the epoxidation of 
zeaxanthin in the xanthophyll cycle, which is associated with the photosynthetic efficiency under 
cold and contrasting light conditions (Demmig-Adams and Adams, 1994; Fracheboud et al., 
2002). 
For cumulative response and ratios 
The cumulative response, ratio control-cold and ratio cold-recovery variables facilitated 
the discovery of 82 significant SNPs/genomic regions. Markers consistently associated with both 
gas exchange and chlorophyll fluorescence traits were localized on chromosomes 3, 4, 6, 7 and 8 
(Table 2). Some polymorphisms were discovered for both a derived variable and a temperature 
treatment, while several association were exclusively detected for these derived parameters (e.g. 
regions on chromosome 3 and 6, Table 2).  
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Cumulative response captures the overall performance and is affected by the multiple 
mechanisms triggered over the three temperature periods. Therefore, the 37 genomic regions 
uniquely identified in cumulative response traits are expected to control multiple processes. 
Candidate genes within these regions are related to response to stress (i.e. heat shock proteins, 
APETALA2 transcription factors, peroxidase), components of LHCI and LCHII, thioredoxin, 
transporters, and phytohormones (i.e. gibberellic acid and auxins) (Table 2, Supplementary Table 
S9-S10).  
Ratio variables compare the accessions using relative units, providing information about 
the sensitivity to cold and recovery periods. The most important genes close to the 17 genomic 
regions uniquely identified by ratio variables are related to response to stress (heat shock 
proteins, CYP), a component of LHCII, and phytohormones (Table 2, Supplementary Table S9-
S10).  
Comparison between Our GWA Results and Previous Studies 
QTL studies for gas exchange and chlorophyll fluorescence under optimal and stress 
conditions have been reported in rice (Oryza sativa) (Gu et al., 2012b), Arabidopsis (Arabidopsis 
thaliana) (Jung and Niyogi, 2009), maize (Fracheboud et al., 2004; Yin et al., 2015) and 
sunflower (Helianthus annuus L.) (Hervé et al., 2001; Kiani et al., 2008). Additionally, a few 
GWAS have been conducted under stress and non-stress conditions in maize (Strigens et al., 
2013), sorghum (Fiedler et al., 2014; Fiedler et al., 2016), Arabidopsis (van Rooijen et al., 2015) 
and soybean (Glycine max) (Hao et al., 2012) for some of the physiological parameters 
investigated herein. In all cases, photosynthetic traits were associated with multiple genomic 
regions. In our study, the proportion of variation explained by each marker (5.3 to 14%) was 
within range of other GWAS results and, as expected, lower than QTL mapping findings (7 to 
62%). Even though no markers were identified controlling a trait under both non-stress and stress 
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conditions, several polymorphisms were associated with multiple parameters, an observation 
reported in other species (Fracheboud et al., 2002; Kiani et al., 2008; Yin et al., 2015) that can be 
attributed to pleiotropy and the high correlations between variables.  
In sorghum, several QTL were reported for germination-related traits under cold stress 
(Yu and Tuinstra, 2001; Knoll et al., 2008; Burow et al., 2010; Bekele et al., 2014), but the 
physiological mechanisms involved in those stress responses are likely different than those 
investigated in our study, considering the contrasting developmental stages and that, in our 
experiments, plants were grown under optimal temperatures before imposing the cold stress.   
Two previous sorghum GWAS that evaluated chlorophyll fluorescence and growth traits, 
discovered markers associated with Fv´/Fm´ and ΦPSII when plants were grown under suboptimal 
cold conditions (Fiedler et al., 2014, 2016). In a comparative analysis, we identified a region on 
chromosome 4 that was 28-80 kb from a marker previously associated with Fv´/Fm´ and ΦPSII in 
response to cold (sPb-3838) (Fiedler et al., 2014). We also discovered multiple SNPs close to 
markers previously reported by Fiedler et al. (2016): i) S6_50595426, significant for E and gs 
cumulative response is 15 kb from UGSDI_27967 associated with Fv´/Fm´; ii) S8_54340453 that 
explained variation in ΦPSII ratio control-cold, is 32 kb from UGSS_05729, also associated with 
ΦPSII; and iii) S8_48791253 and S8_48794253, significant for qP and ΦPSII cumulative response 
respectively, are 4 and 7 kb from UGSS_05515 consistently significant for ΦPSII. 
Concluding Remarks 
This work aimed to characterize the natural genetic variation in photosynthetic rate and 
chlorophyll fluorescence in sorghum under non-stress, cold stress and recovery conditions. The 
strength of our results resides on the large number of accessions and SNPs evaluated to 
investigate complex physiological traits, which resulted in a GWAS with good genome coverage 
and statistical power. This study provides new evidence to demonstrate that: i) there is 
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significant natural variation in the photosynthetic response of sorghum lines to cold stress and in 
their capacity to recover from that stress; ii) sorghum lines also exhibit different carbon fixation 
capacities and chlorophyll fluorescence parameters under non-stress conditions; iii) the genetic 
architecture of the differential photosynthetic response is complex for some traits (40 genomic 
regions for E under non-stress) and simple for others (one region for qP under control 
conditions); iv) each individual marker/genomic region explained 5.3-14% of the phenotypic 
variance; v) several candidate genes were identified co-localizing with significant markers or 
nearby; vi) the predicted function of those genes suggest they are related to carotenoids, 
phytohormones, components of PSI and PSII, antioxidants and oxidative stress response; and vii) 
the regions/markers on chromosome 3, 4, 6, 7 and 8, consistently identified for gas exchange and 
chlorophyll fluorescence traits, are the most important for further investigation. This new 
knowledge could be utilized after validation, to develop sorghum germplasm with superior 
Carbon fixation capacity under cold conditions, which is necessary to increase biomass 
production and yield in temperate regions. Additionally, our understanding of the allelic variants 
associated with these physiological traits could help identify key processes and genes to 
manipulate by breeding or engineering approaches, to increase the photosynthetic capacity of 
other economically important crop species such as maize, rice and wheat.   
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Supplementary Figure S1. Graphical representation of temperature treatments (control, cold and recovery periods).  






Supplementary Figure S2. Graphical representation for the calculation of cumulative response over the three temperature treatment periods. The same 
calculation was performed for all variables. Partial areas between days were calculated and summed up for estimating the total value. Day 0 represents 
the trait average value for the control period; days 3 and 7 (blue areas) contain values for the cold treatment and days +3 and +5 (orange areas) represent 









Supplementary Figure S3. Photosynthesis (A) as a function of effective quantum yield of PSII (ΦPSII) in sorghum in control (28°C/24°C), cold 
(15°C/15°C), and recovery periods (28°C/24°C). All measurements were performed on fully expanded leaves from 30-day old plants grown in 6-L pots. 
Control = average of 3 days in the control treatment; cold 3 = day 3 of cold treatment; cold 7 = day 7 of cold treatment; recov 3 = day 3 of recovery 







Supplementary Figure S4. Photosynthesis (A) as a function of photochemical quenching (qP) in sorghum in control (28°C/24°C), cold (15°C/15°C), and 
recovery periods (28°C/24°C). All measurements were performed on fully expanded leaves from 30-day old plants grown in 6-L pots. Control = average 
of 3 days in the control treatment; cold 3 = day 3 of cold treatment; cold 7 = day 7 of cold treatment; recov 3 = day 3 of recovery period treatment; recov 






Supplementary Figure S5. Photosynthesis (A) as a function of stomatal conductance (gs) in sorghum in control (28°C/24°C), cold (15°C/15°C), and 
recovery periods (28°C/24°C). All measurements were performed on fully expanded leaves from 30-day old plants grown in 6-L pots. Control = average 
of 3 days in the control treatment; cold 3 = day 3 of cold treatment; cold 7 = day 7 of cold treatment; recov 3 = day 3 of recovery period treatment; recov 











Supplementary Figure S6. Genome-wide association study results for A in three temperature treatments and in cumulative response, ratio control-cold and ratio 
cold-recovery using 304 diverse sorghum accessions. Horizontal red line indicates significance threshold. Green dots indicate the physical position of a priori 









Supplementary Figure S7. Genome-wide association study results for E in three temperature treatments and in cumulative response, ratio control-cold and ratio 
cold-recovery using 304 diverse sorghum accessions. Horizontal red line indicates significance threshold. Green dots indicate the physical position of a priori 







Supplementary Figure S8. Genome-wide association study results for gs in three temperature treatments and in cumulative response, ratio control-cold and ratio 
cold-recovery using 304 diverse sorghum accessions. Horizontal red line indicates significance threshold. Green dots indicate the physical position of a priori 







Supplementary Figure S9. Genome-wide association study results for Fv/Fm in three temperature treatments and in cumulative response, ratio control-cold and 
ratio cold-recovery using 304 diverse sorghum accessions. Horizontal red line indicates significance threshold. Green dots indicate the physical position of a 








Supplementary Figure S10. Genome-wide association study results for Fv´/Fm´ in three temperature treatments and in cumulative response, ratio control-cold and 
ratio cold-recovery using 304 diverse sorghum accessions. Horizontal red line indicates significance threshold. Green dots indicate the physical position of a 







Supplementary Figure S11. Genome-wide association study results for ΦPSII in three temperature treatments and in cumulative response, ratio control-cold and 
ratio cold-recovery using 304 diverse sorghum accessions. Horizontal red line indicates significance threshold. Green dots indicate the physical position of a 









Supplementary Figure S12. Genome-wide association study results for qP in three temperature treatments and in cumulative response, ratio control-cold and ratio 
cold-recovery using 304 diverse sorghum accessions. Horizontal red line indicates significance threshold. Green dots indicate the physical position of a priori 












Supplementary Figure S13. RT-PCT expression levels for genes UBIQUITIN and GLUTATHIONE S-TRANSFERASE (GST) (Sb08g007310), in accessions 
presenting low and high E in the cold temperature treatment. Lanes from left to right correspond to accessions: for low E PI534115, PI597964, PI656071, 




























Supplemental Table S1. Phenotypic correlations between photosynthesis and chlorophyll fluorescence traits based on BLUPs in control period.  
  Correlation (r) 
Traits A E gs  Fv/Fm Fv´/Fm´ ΦPSII qP 
A -       
E 0.81*** -      
gs  0.84*** 0.95*** -     
Fv/Fm 0.32*** 0.25*** 0.23*** -    
Fv´/Fm´ 0.69*** 0.58*** 0.59*** 0.32*** -   
ΦPSII 0.91*** 0.71*** 0.75*** 0.28*** 0.75*** -  
qP 0.74*** 0.53*** 0.57*** 0.13* 0.25*** 0.82*** - 
A= photosynthesis (μmol CO2 m-2 s-1) ; E= transpiration rate (mmol H20 m-2 s-1), gs= stomatal conductance  (mol H20 m-2 s-1), Fv/Fm = maximum quantum yield of 
PSII, ΦPSII=effective quantum yield of PSII; Fv´/Fm´=efficiency of energy captured by open PSII reaction centers  and qP=photo-chemical quenching or fraction 
of PSII reaction centers that are open; *Significant at P < 0.05;** Significant at P < 0.01;*** Significant at P < 0.001 
Supplemental Table S2. Phenotypic correlations between photosynthetic and chlorophyll fluorescence traits based on BLUPs in cold period 
  Correlation (r) 
Traits A E gs  Fv/Fm Fv´/Fm´ ΦPSII qP 
A -       
E 0.72*** -      
gs  0.68*** 0.96*** -     
Fv/Fm 0.28*** 0.22*** 0.24*** -    
Fv´/Fm´ 0.43*** 0.51*** 0.52*** 0.52*** -   
ΦPSII 0.96*** 0.7*** 0.65*** 0.28*** 0.47*** -  
qP 0.77*** 0.48*** 0.42*** -0.07 -0.13* 0.78*** - 
A= photosynthesis (μmol CO2 m-2 s-1) ; E= transpiration rate (mmol H20 m-2 s-1), gs= stomatal conductance  (mol H20 m-2 s-1), Fv/Fm = maximum quantum yield of 
PSII, ΦPSII=effective quantum yield of PSII; Fv´/Fm´=efficiency of energy captured by open PSII reaction centers  and qP=photo-chemical quenching or fraction 





Supplemental Table S3. Phenotypic correlations between photosynthetic and chlorophyll fluorescence traits based on BLUPs in recovery period.  
  Correlation (r) 
Traits A E gs  Fv/Fm Fv´/Fm´ ΦPSII qP 
A -       
E 0.94*** -      
gs  0.96*** 0.98*** -     
Fv/Fm 0.49*** 0.46*** 0.47*** -    
Fv´/Fm´ 0.82*** 0.78*** 0.81*** 0.6*** -   
ΦPSII 0.97*** 0.9*** 0.93*** 0.5*** 0.83*** -  
qP 0.87*** 0.79*** 0.8*** 0.32*** 0.56*** 0.91*** - 
A= photosynthesis (μmol CO2 m-2 s-1) ; E= transpiration rate (mmol H20 m-2 s-1), gs= stomatal conductance  (mol H20 m-2 s-1), Fv/Fm = maximum quantum yield of 
PSII, ΦPSII=effective quantum yield of PSII; Fv´/Fm´=efficiency of energy captured by open PSII reaction centers  and qP=photo-chemical quenching or fraction 
of PSII reaction centers that are open; *Significant at P < 0.05;** Significant at P < 0.01;*** Significant at P < 0.001 
Supplemental Table S4. Phenotypic correlations between photosynthetic and chlorophyll fluorescence traits evaluated as cumulative response, using BLUPs.  
  Correlation (r) 
Traits A E gs  Fv/Fm Fv´/Fm´ ΦPSII qP 
A -       
E 0.93*** -      
gs  0.9*** 0.97*** -     
Fv/Fm 0.5*** 0.47*** 0.49*** -    
Fv´/Fm´ 0.66*** 0.68*** 0.69*** 0.68*** -   
ΦPSII 0.97*** 0.89*** 0.86*** 0.5*** 0.67*** -  
qP 0.81*** 0.7*** 0.65*** 0.18** 0.19** 0.85*** - 
A= photosynthesis (μmol CO2 m-2 s-1) ; E= transpiration rate (mmol H20 m-2 s-1), gs= stomatal conductance  (mol H20 m-2 s-1), Fv/Fm = maximum quantum yield of 
PSII, ΦPSII=effective quantum yield of PSII; Fv´/Fm´=efficiency of energy captured by open PSII reaction centers  and qP=photo-chemical quenching or fraction 






Supplemental Table S5. Phenotypic correlations between photosynthetic and chlorophyll fluorescence traits evaluated as ratio control-cold, using BLUPs.  
  Correlation (r) 
Traits A E gs  Fv/Fm Fv´/Fm´ ΦPSII qP 
A -       
E 0.78*** -      
gs  0.76*** 0.94*** -     
Fv/Fm 0.24*** 0.19*** 0.2*** -    
Fv´/Fm´ 0.61*** 0.55*** 0.55*** 0.39*** -   
ΦPSII 0.96*** 0.75*** 0.71*** 0.21*** 0.64*** -  
qP 0.8*** 0.58*** 0.53*** -0.02 0.11 0.82*** - 
A= photosynthesis (μmol CO2 m-2 s-1) ; E= transpiration rate (mmol H20 m-2 s-1), gs= stomatal conductance  (mol H20 m-2 s-1), Fv/Fm = maximum quantum yield of 
PSII, ΦPSII=effective quantum yield of PSII; Fv´/Fm´=efficiency of energy captured by open PSII reaction centers  and qP=photo-chemical quenching or fraction 
of PSII reaction centers that are open; *Significant at P < 0.05;** Significant at P < 0.01;*** Significant at P < 0.001 
Supplemental Table S6. Phenotypic correlations between photosynthetic and chlorophyll fluorescence traits evaluated as ratio cold-recovery 
  Correlation (r) 
Traits A E gs  Fv/Fm Fv´/Fm´ ΦPSII qP 
A -       
E 0.77*** -      
gs  0.77*** 0.95*** -     
Fv/Fm 0.28*** 0.23*** 0.22*** -    
Fv´/Fm´ 0.63*** 0.57*** 0.59*** 0.36*** -   
ΦPSII 0.81*** 0.54*** 0.53*** 0.14* 0.6*** -  
qP 0.6*** 0.31*** 0.28*** -0.02 0.01 0.77*** - 
A= photosynthesis (μmol CO2 m-2 s-1) ; E= transpiration rate (mmol H20 m-2 s-1), gs= stomatal conductance  (mol H20 m-2 s-1), Fv/Fm = maximum quantum yield of 
PSII, ΦPSII=effective quantum yield of PSII; Fv´/Fm´=efficiency of energy captured by open PSII reaction centers  and qP=photo-chemical quenching or fraction 






Supplemental Table S7. Analysis of variance of photosynthesis and chlorophyll fluorescence traits in in control, cold and recovery periods 














DF F Value Pr > F 
Day 2 659 11 <.0001  1 662 923 <.0001  1 647 217 <.0001 
machine 2 661 9 <.0001  2 141 10 <.0001  2 136 7 0.001 
Tleaf      1 731 20 <.0001      














variation   
set 1.59 0.074 13   1.35 0.009 15   8.46 0.015 11  
Rep(set) 0.97 <.0001 8   0.29 0.001 3   1.93 0.011 2  
Geno 3.14 <.0001 26     2.49 <.0001 28     22.66 <.0001 29   
                              














DF F Value Pr > F 
Day 2 654 15 <.0001  1 660 710 <.0001  1 664 111 <.0001 
machine 2 829 29 <.0001  2 161 4 0.024  2 93 2 0.207 














variation   
set 0.02519 0.317 9   0.01016 0.046 10   0.09662 0.014 9  
Rep(set) 0.04328 <.0001 16   0.00422 <.0001 4   0.01926 0.028 2  










Supplemental Table S7. (continued) 
                              














DF F Value Pr > F 
Day 2 645 37 <.0001  1 660 789 <.0001  1 658 202 <.0001 
machine 2 915 16 <.0001  2 114 3 0.038  2 114 3 0.049 














variation   
set 0.00000 1.000 0   0.00009 0.043 8   0.00039 0.009 13  
Rep(set) 0.00015 <.0001 17   0.00003 0.007 3   0.00007 0.014 2  
Geno 0.00024 <.0001 26     0.00028 <.0001 23     0.00074 <.0001 24   
                              














DF F Value Pr > F 
Day 2 658 21 <.0001  1 640 286 <.0001  1 628 171 <.0001 














variation   
set 0.00003 0.001 24   0.00007 0.083 4   
4.59E-
06 1.000 0.1  
Rep(set) 
2.91E-
06 0.001 2   0.00002 0.254 1   0.00004 0.030 1  











Supplemental Table S7. (continued) 
                              














DF F Value Pr > F 
Day 2 662 39 <.0001  1 659 449 <.0001  1 663 219 <.0001 
machine 2 406 32 <.0001  2 128 1 0.375  2 137 0 0.641 














variation   
set 0.00002 0.439 3   0.00011 0.294 3   0.00080 0.021 12  
Rep(set) 0.00005 <.0001 6   0.00013 0.004 4   0.00020 0.011 3  
Geno 0.00018 <.0001 24     0.00075 <.0001 22     0.00123 <.0001 18   
                              














DF F Value Pr > F 
Day 2 658 41 <.0001  1 649 1104 <.0001  1 663 180 <.0001 
machine 2 691 107 <.0001  2 87 22 <.0001  2 159 3 0.080 














variation   
set 0.00023 0.024 21   0.00015 0.006 13   0.00049 0.069 7  
Rep(set) 0.00009 <.0001 8   0.00002 0.017 2   0.00021 0.004 3  










Supplemental Table S7. (continued) 
                              














DF F Value Pr > F 
Day 2 659 14 <.0001  1 655 303 <.0001  1 661 62 <.0001 
machine 2 906 90 <.0001  2 115 16 <.0001  2 169 4 0.013 














variation   
set 0.00057 0.027 29   0.00129 0.002 20   0.00080 0.121 6  
Rep(set) 0.00024 <.0000 12   0.00017 0.003 3   0.00053 0.001 4  
Geno 0.00032 <.0001 16     0.00178 <.0001 27     0.00322 <.0001 24   
A= photosynthesis (μmol CO2 m-2 s-1) ; E= transpiration rate (mmol H20 m-2 s-1), gs= stomatal conductance  (mol H20 m-2 s-1), Fv/Fm = maximum quantum yield of 
PSII, ΦPSII=effective quantum yield of PSII; Fv´/Fm´=efficiency of energy captured by open PSII reaction centers and qP=photo-chemical quenching or fraction 
of PSII reaction centers that are open;  LR= Likelihood ratio; Tleaf= temperature of the leaf; Num DF= numerator of degrees of freedom; Den DF= Denominator 




Supplementary Table S8. Summary of GWAs results for gas exchange and chlorophyll fluorescence traits in control, 
cold and recovery periods, and derived variables cumulative response, ratio control-cold and ratio cold-recovery. 
Trait Treatment Chromosome Marker p value q value R2 
A control 8 S8_6112580 7.93E-07 0.095 0.104 
A cold 7 S7_55198507 4.68E-06 0.190 0.076 
   S7_55198512 4.68E-06 0.190 0.076 
      S7_55202510 3.38E-07 0.041 0.092 
A recovery 4 S4_54210532 2.4E-06 0.138 0.105 
    8 S8_14499100 1.33E-06 0.138 0.099 
A 
cumulative 
response 3 S3_74339803 2.39E-05 0.174 0.078 
  4 S4_54210532 3.95E-05 0.176 0.083 
   S4_54869879 1.52E-05 0.174 0.075 
   S4_54870986 4.79E-05 0.176 0.065 
  6 S6_56964983 2.43E-05 0.174 0.066 
   S6_57015199 1.86E-05 0.174 0.066 
   S6_57015320 1.95E-05 0.174 0.100 
   S6_57049108 3.02E-05 0.174 0.063 
   S6_57054656 4.74E-05 0.176 0.060 
   S6_57109518 4.06E-05 0.176 0.059 
   S6_57125381 3.06E-05 0.174 0.061 
   S6_57125468 1.01E-05 0.174 0.068 
   S6_57159560 3.7E-05 0.176 0.066 
   S6_57159773 4.71E-05 0.176 0.058 
  7 S7_55202510 1.12E-05 0.174 0.069 
   S7_56027901 9.44E-06 0.174 0.075 
   S7_56027902 7.7E-06 0.174 0.076 
  8 S8_12880781 6.34E-06 0.174 0.075 
   S8_13010663 2.97E-05 0.174 0.063 
   S8_13573679 2.87E-05 0.174 0.062 
   S8_13750158 1.94E-05 0.174 0.068 
   S8_14211593 3.58E-05 0.176 0.073 
   S8_14235598 2.69E-05 0.174 0.067 
   S8_14499100 9.05E-06 0.174 0.086 
   S8_39996123 4.01E-05 0.176 0.078 
   S8_50791689 4.35E-05 0.176 0.078 
   S8_50791695 4.35E-05 0.176 0.078 
   S8_52270951 2E-05 0.174 0.071 
   S8_52612328 2.66E-05 0.174 0.071 
  9 S9_11784415 2.76E-05 0.174 0.070 
      S9_49419570 4.52E-05 0.176 0.073 




Supplemental Table S8. (continued) 
E control 1 S1_3554131 1.38E-05 0.162 0.074 
   S1_3554165 1.38E-05 0.162 0.074 
   S1_4620944 7.75E-05 0.162 0.054 
   S1_4621008 0.000112 0.162 0.055 
   S1_4621013 0.000112 0.162 0.055 
   S1_4621015 0.000112 0.162 0.055 
   S1_4621030 0.000112 0.162 0.055 
   S1_4626257 6.93E-06 0.162 0.075 
   S1_4626940 6.27E-05 0.162 0.057 
   S1_4674582 0.000076 0.162 0.057 
   S1_5064844 8.66E-05 0.162 0.063 
   S1_7120646 5.66E-05 0.162 0.071 
   S1_51280200 0.00011 0.162 0.054 
   S1_51280232 0.00011 0.162 0.054 
   S1_51280242 0.00011 0.162 0.054 
  2 S2_5852240 0.000107 0.162 0.054 
   S2_5884277 6.52E-06 0.162 0.100 
  3 S3_5021134 0.000112 0.162 0.065 
   S3_5115951 7.14E-05 0.162 0.056 
   S3_6281125 4.74E-05 0.162 0.099 
   S3_9309582 8.13E-05 0.162 0.092 
   S3_9309593 8.13E-05 0.162 0.092 
   S3_9309627 8.13E-05 0.162 0.092 
   S3_15475522 9.16E-05 0.162 0.057 
   S3_66818512 7.32E-05 0.162 0.063 
   S3_71254339 6.63E-05 0.162 0.059 
  4 S4_2554906 0.000114 0.162 0.089 
   S4_54818742 4.64E-05 0.162 0.068 
   S4_54825903 3.15E-05 0.162 0.064 
   S4_54826454 6.88E-05 0.162 0.066 
   S4_54826462 1.75E-05 0.162 0.076 
   S4_61371894 5.42E-05 0.162 0.059 
   S4_61371909 5.42E-05 0.162 0.059 
   S4_61516003 4.58E-05 0.162 0.063 
  5 S5_10165666 0.00006 0.162 0.080 
   S5_61865514 9.15E-05 0.162 0.060 
   S5_62320621 6.98E-05 0.162 0.088 
  6 S6_1039006 2.22E-05 0.162 0.108 
   S6_7640902 7.87E-05 0.162 0.055 
   S6_8713098 8.84E-05 0.162 0.059 
   S6_9249234 3.13E-05 0.162 0.072 
   S6_12192838 0.000103 0.162 0.084 
66 
 
Supplemental Table S8. (continued) 
E control 6 S6_13061456 4.41E-05 0.162 0.062 
   S6_15876770 2.41E-05 0.162 0.074 
   S6_15895954 3.39E-05 0.162 0.074 
   S6_16983538 9.85E-05 0.162 0.057 
   S6_17380158 0.000073 0.162 0.060 
   S6_18238320 8.05E-05 0.162 0.058 
   S6_20686771 0.000101 0.162 0.053 
   S6_28139223 0.000022 0.162 0.071 
   S6_28352982 8.01E-05 0.162 0.067 
   S6_28368687 6.05E-05 0.162 0.068 
   S6_28486557 8.62E-05 0.162 0.061 
   S6_34652407 2.54E-05 0.162 0.068 
   S6_35478063 2.81E-05 0.162 0.069 
   S6_36395093 9.69E-05 0.162 0.057 
   S6_53759774 0.000115 0.162 0.059 
  7 S7_38775174 7.11E-05 0.162 0.055 
   S7_59896609 0.000107 0.162 0.062 
  8 S8_2260022 3.63E-05 0.162 0.082 
   S8_2568307 2.38E-05 0.162 0.062 
   S8_5019364 8.49E-05 0.162 0.095 
   S8_5297131 1.31E-05 0.162 0.067 
   S8_6112580 3.69E-06 0.162 0.088 
   S8_6112866 7.51E-05 0.162 0.077 
   S8_6361160 2.51E-05 0.162 0.101 
   S8_47995917 9.13E-05 0.162 0.067 
   S8_48212146 0.000108 0.162 0.058 
   S8_48212147 6.71E-05 0.162 0.062 
   S8_48212152 0.000108 0.162 0.058 
   S8_48750351 3.87E-05 0.162 0.076 
   S8_49109506 7.59E-05 0.162 0.061 
  9 S9_6073302 1.78E-05 0.162 0.115 
   S9_6828560 1.87E-05 0.162 0.075 
   S9_6830484 9.03E-05 0.162 0.080 
   S9_6830548 5.39E-05 0.162 0.078 
  10 S10_3189954 0.000109 0.162 0.067 
   S10_9654673 9.82E-05 0.162 0.069 
   S10_9654677 8.39E-05 0.162 0.071 
   S10_9654678 8.39E-05 0.162 0.071 
      S10_9654679 8.39E-05 0.162 0.071 
E cold 1 S1_55447903 9.78E-06 0.161 0.072 
   S1_55451025 2.13E-05 0.161 0.065 
   S1_55451029 2.13E-05 0.161 0.065 
67 
 
Supplemental Table S8. (continued) 
E cold 1 S1_56568108 3.76E-05 0.161 0.068 
   S1_61729763 5.38E-05 0.161 0.069 
   S1_61751800 1.9E-05 0.161 0.066 
   S1_66380397 4.12E-05 0.161 0.060 
E cold 3 S3_2990775 4.54E-05 0.161 0.061 
   S3_15352827 3.05E-05 0.161 0.085 
   S3_58704349 4.62E-05 0.161 0.080 
   S3_70286543 3.11E-05 0.161 0.074 
  5 S5_58081423 4.21E-05 0.161 0.067 
  6 S6_50595426 6.96E-06 0.161 0.076 
   S6_55980429 5.58E-05 0.161 0.059 
   S6_55980430 5.58E-05 0.161 0.059 
   S6_56204023 5.63E-06 0.161 0.080 
   S6_57009843 1.91E-05 0.161 0.068 
   S6_57009859 1.91E-05 0.161 0.068 
  8 S8_12680072 5.36E-05 0.161 0.057 
   S8_12680073 5.36E-05 0.161 0.057 
   S8_14235598 1.54E-05 0.161 0.068 
   S8_14241559 3.8E-05 0.161 0.062 
   S8_14846320 4.19E-05 0.161 0.062 
   S8_15041575 4.83E-05 0.161 0.060 
   S8_15041576 1.09E-05 0.161 0.070 
   S8_15288904 2.3E-05 0.161 0.070 
   S8_15326960 1.9E-06 0.161 0.084 
   S8_38128416 3.31E-05 0.161 0.061 
   S8_40251965 1.82E-05 0.161 0.069 
   S8_41697029 5.08E-05 0.161 0.070 
   S8_41741843 3.25E-05 0.161 0.063 
   S8_41851064 5.07E-05 0.161 0.067 
   S8_41851065 5.07E-05 0.161 0.067 
   S8_42372182 5.2E-05 0.161 0.070 
   S8_42415258 4.44E-05 0.161 0.060 
   S8_42486812 1.45E-05 0.161 0.076 
   S8_42535293 1.66E-05 0.161 0.069 
   S8_42716594 3.62E-05 0.161 0.069 
   S8_42774340 1.91E-05 0.161 0.073 
  9 S9_53966392 0.000038 0.161 0.066 
   S9_57231983 3.92E-05 0.161 0.064 
   S9_57714013 4.17E-05 0.161 0.076 
      S9_57714024 4.17E-05 0.161 0.076 
E 
cumulative 
response 1 S1_56563285 6.44E-05 0.176 0.060 
   S1_56565634 6.25E-05 0.176 0.060 
68 
 
Supplemental Table S8. (continued) 
E 
cumulative 
response 1 S1_61681433 7.32E-05 0.176 0.059 
   S1_61751800 5.57E-05 0.176 0.059 
   S1_70779730 9.01E-05 0.176 0.053 
  2 S2_6675428 6.69E-05 0.176 0.086 
  3 S3_68433941 8.74E-05 0.176 0.062 
   S3_68433942 8.71E-05 0.176 0.062 
   S3_68433990 8.64E-05 0.176 0.062 
   S3_72086161 1.9E-05 0.176 0.082 
  4 S4_53169136 3.24E-05 0.176 0.061 
   S4_54210532 6.8E-05 0.176 0.076 
   S4_54869879 1.8E-05 0.176 0.076 
   S4_54870986 3.49E-05 0.176 0.067 
  5 S5_44816496 6.51E-05 0.176 0.058 
  6 S6_50595426 2.76E-05 0.176 0.068 
   S6_52586261 7.92E-05 0.176 0.060 
   S6_52586275 7.92E-05 0.176 0.060 
   S6_52586301 7.92E-05 0.176 0.060 
   S6_52586302 7.92E-05 0.176 0.060 
   S6_57009843 1.68E-05 0.176 0.069 
   S6_57009859 1.68E-05 0.176 0.069 
   S6_57009965 5.2E-05 0.176 0.061 
   S6_57009972 5.2E-05 0.176 0.061 
   S6_57015199 4.7E-05 0.176 0.060 
   S6_57015320 6.17E-05 0.176 0.089 
   S6_57121609 9.09E-05 0.176 0.057 
   S6_57125468 8.62E-05 0.176 0.054 
  7 S7_56027901 4.87E-05 0.176 0.063 
   S7_56027902 8.44E-05 0.176 0.058 
  8 S8_12680072 3.5E-05 0.176 0.061 
   S8_12680073 3.5E-05 0.176 0.061 
   S8_12680135 4.26E-05 0.176 0.060 
   S8_12680144 4.26E-05 0.176 0.060 
   S8_12840634 3.75E-05 0.176 0.069 
   S8_12862645 4.85E-05 0.176 0.065 
   S8_12878394 8.76E-05 0.176 0.056 
   S8_12878408 7.19E-05 0.176 0.058 
   S8_12878430 8.76E-05 0.176 0.056 
   S8_12880781 6.53E-06 0.176 0.074 
   S8_13010663 4.61E-05 0.176 0.060 
   S8_13516013 4.95E-05 0.176 0.067 
   S8_13516046 4.95E-05 0.176 0.067 
   S8_13573679 3.32E-05 0.176 0.061 
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Supplemental Table S8. (continued) 
E 
cumulative 
response 8 S8_13743462 5.66E-05 0.176 0.065 
   S8_13750158 2.38E-05 0.176 0.067 
   S8_14211593 5.23E-05 0.176 0.068 
   S8_14235598 6.89E-05 0.176 0.058 
   S8_14241559 6.63E-05 0.176 0.059 
   S8_14250520 1.9E-05 0.176 0.069 
   S8_14305683 4.07E-05 0.176 0.065 
   S8_14343108 1.24E-05 0.176 0.088 
   S8_14394875 5.95E-05 0.176 0.060 
   S8_14499100 4.52E-06 0.176 0.091 
   S8_15244004 2.37E-05 0.176 0.073 
   S8_51566561 7.04E-05 0.176 0.071 
   S8_52270951 4.37E-05 0.176 0.064 
  9 S9_11784415 1.65E-05 0.176 0.075 
   S9_11978287 8.5E-05 0.176 0.056 
      S9_49795729 3.79E-05 0.176 0.071 
E ratio control-cold 1 S1_27340119 4.32E-06 0.111 0.077 
   S1_27427549 1.38E-05 0.111 0.070 
  2 S2_14536089 2.88E-05 0.111 0.071 
  3 S3_3514426 3.18E-05 0.111 0.068 
   S3_3775538 2.69E-05 0.111 0.062 
   S3_3775574 1.52E-05 0.111 0.065 
   S3_3779029 3.16E-05 0.111 0.060 
   S3_3779060 3.16E-05 0.111 0.060 
   S3_3779061 3.16E-05 0.111 0.060 
   S3_3779098 2.78E-05 0.111 0.062 
   S3_3779146 2.67E-05 0.111 0.065 
   S8_12826594 2.84E-05 0.111 0.082 
  8 S8_12826636 2.84E-05 0.111 0.082 
   S8_14235598 1.98E-05 0.111 0.067 
   S8_14241559 2.95E-05 0.111 0.064 
   S8_40251965 3.64E-05 0.118 0.064 
   S8_40398987 1.92E-05 0.111 0.068 
   S8_40416982 1.12E-05 0.111 0.075 
   S8_40416988 1.12E-05 0.111 0.075 
   S8_40427190 1.46E-05 0.111 0.070 
   S8_40623473 1.57E-05 0.111 0.078 
   S8_41873198 1.17E-05 0.111 0.069 
   S8_42039178 7.67E-06 0.111 0.074 
   S8_42273303 2.43E-05 0.111 0.064 
   S8_42372182 2.28E-05 0.111 0.075 
   S8_42409077 1.99E-05 0.111 0.076 
70 
 
Supplemental Table S8. (continued) 
E ratio control-cold 8 S8_42486812 1.25E-06 0.111 0.096 
   S8_42535293 1.03E-05 0.111 0.072 
   S8_42542574 1.01E-05 0.111 0.085 
  10 S10_2437219 3.51E-05 0.118 0.063 
   S10_12141378 0.000021 0.111 0.084 
   S10_14817255 6.08E-06 0.111 0.077 
   S10_14817256 3.66E-05 0.118 0.068 
   S10_17957276 1.03E-05 0.111 0.074 
   S10_18501722 0.000007 0.111 0.104 
   S10_18501733 0.000007 0.111 0.104 
   S10_18501762 0.000007 0.111 0.104 
   S10_18630087 2.39E-05 0.111 0.076 
   S10_18630090 2.39E-05 0.111 0.076 
      S10_18630101 2.39E-05 0.111 0.076 
gs control 1 S1_3554112 2.24E-06 0.087 0.089 
   S1_3554131 2.24E-06 0.087 0.089 
   S1_3554165 2.24E-06 0.087 0.089 
      S1_4626257 3.31E-06 0.096 0.080 
gs cold 1 S1_55447903 6.78E-06 0.132 0.076 
   S1_55451025 1.9E-05 0.132 0.066 
   S1_55451029 1.9E-05 0.132 0.066 
   S1_56568108 2.86E-05 0.132 0.070 
   S1_70779730 2.41E-05 0.132 0.061 
   S1_73245348 1.01E-05 0.132 0.095 
  3 S3_2990775 2.46E-05 0.132 0.066 
   S3_5021134 2.42E-05 0.132 0.079 
   S3_15352827 2.36E-05 0.132 0.089 
   S3_70286543 2.57E-05 0.132 0.077 
  6 S6_50595426 5.07E-06 0.132 0.078 
   S6_56204023 2.38E-05 0.132 0.069 
  8 S8_15041576 1.84E-05 0.132 0.066 
   S8_15244004 2.5E-05 0.132 0.076 
   S8_15326960 2E-06 0.132 0.084 
   S8_38128416 1.03E-05 0.132 0.069 
   S8_40251965 9.16E-06 0.132 0.075 
   S8_41741843 2.96E-05 0.132 0.065 
   S8_41851064 2.14E-05 0.132 0.075 
   S8_41851065 2.14E-05 0.132 0.075 
   S8_42372182 3.07E-05 0.132 0.075 
   S8_42486812 2.61E-05 0.132 0.074 
   S8_42535293 2.47E-05 0.132 0.067 
   S8_42716594 2.24E-05 0.132 0.073 
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Supplemental Table S8. (continued) 
gs cold 8 S8_42774340 1.12E-05 0.132 0.079 
  9 S9_53966392 7.55E-06 0.132 0.080 
   S9_57231983 2.04E-05 0.132 0.071 
   S9_57714013 2.96E-05 0.132 0.080 
   S9_57714024 2.96E-05 0.132 0.080 
gs 
cumulative 
response 1 S1_18879634 1.96E-05 0.144 0.080 
   S1_18879641 1.96E-05 0.144 0.080 
   S1_18884871 2.6E-05 0.144 0.088 
   S1_18884876 2.6E-05 0.144 0.088 
   S1_18884906 2.6E-05 0.144 0.088 
   S1_56563285 2.12E-05 0.144 0.067 
   S1_56565572 4.18E-05 0.144 0.060 
   S1_56565634 2.69E-05 0.144 0.065 
   S1_56568108 4.11E-05 0.144 0.067 
   S1_61751800 2.27E-05 0.144 0.065 
   S1_70779730 3.03E-05 0.144 0.060 
  3 S3_72086161 1.77E-05 0.144 0.082 
  4 S4_53169136 2.95E-05 0.144 0.061 
   S4_54869879 3.31E-06 0.144 0.089 
   S4_54870986 1.51E-05 0.144 0.072 
   S4_54871067 3.87E-05 0.144 0.067 
  5 S5_59625024 3.75E-05 0.144 0.066 
   S5_59625028 3.75E-05 0.144 0.066 
  6 S6_50595426 1.42E-05 0.144 0.072 
   S6_57009843 5.54E-06 0.144 0.078 
   S6_57009859 5.54E-06 0.144 0.078 
   S6_57009965 2.87E-05 0.144 0.066 
   S6_57009972 2.87E-05 0.144 0.066 
  7 S7_56027901 3.65E-05 0.144 0.066 
  8 S8_12680072 2.85E-05 0.144 0.062 
   S8_12680073 2.85E-05 0.144 0.062 
   S8_12880781 1.58E-05 0.144 0.068 
   S8_14235598 3.76E-05 0.144 0.063 
   S8_14343108 2.34E-05 0.144 0.083 
   S8_14499100 4.9E-06 0.144 0.092 
   S8_15244004 3.29E-05 0.144 0.071 
   S8_15326960 2.42E-05 0.144 0.065 
   S8_52270951 1.83E-05 0.144 0.073 
  9 S9_11784415 3.96E-05 0.144 0.068 
      S9_49795729 4.04E-05 0.144 0.070 
gs ratio control-cold 1 S1_19116329 1.55E-05 0.095 0.092 
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Supplemental Table S8. (continued) 
gs ratio control-cold 1 S1_19116345 1.55E-05 0.095 0.092 
   S1_27340119 1.48E-05 0.095 0.068 
   S1_55575689 0.000039 0.113 0.061 
  3 S3_7131210 1.67E-05 0.095 0.080 
   S3_64699560 3.69E-05 0.113 0.073 
   S3_68200845 3.11E-05 0.113 0.083 
   S3_68200856 3.11E-05 0.113 0.083 
  4 S4_9643018 3.96E-05 0.113 0.062 
  8 S8_12826594 1.75E-05 0.095 0.083 
   S8_12826636 1.75E-05 0.095 0.083 
   S8_14235598 3.18E-05 0.113 0.064 
   S8_40416982 3.81E-05 0.113 0.065 
   S8_40416988 3.81E-05 0.113 0.065 
   S8_41646139 1.95E-05 0.095 0.078 
   S8_41646157 1.95E-05 0.095 0.078 
   S8_41646166 1.95E-05 0.095 0.078 
   S8_41851941 3.57E-05 0.113 0.065 
   S8_41873198 5.79E-06 0.069 0.074 
   S8_42039178 4.91E-06 0.065 0.076 
   S8_42273303 1.21E-05 0.089 0.068 
   S8_42372182 3.99E-05 0.113 0.069 
   S8_42409077 0.000011 0.089 0.079 
   S8_42486812 4.9E-06 0.065 0.084 
   S8_42542574 2.28E-05 0.104 0.078 
   S8_42774340 4.02E-05 0.113 0.066 
   S8_52589009 2.01E-05 0.095 0.091 
  9 S9_57714013 3.41E-05 0.113 0.075 
   S9_57714024 3.41E-05 0.113 0.075 
  10 S10_2437219 3.87E-05 0.113 0.062 
   S10_14817255 1.54E-06 0.051 0.085 
   S10_14817256 6.79E-06 0.075 0.081 
   S10_17957276 3.15E-05 0.113 0.065 
   S10_18501722 9.69E-07 0.043 0.129 
   S10_18501733 9.69E-07 0.043 0.129 
   S10_18501762 9.69E-07 0.043 0.129 
   S10_18606485 2.06E-06 0.054 0.089 
   S10_18630087 3.27E-06 0.054 0.093 
   S10_18630090 3.27E-06 0.054 0.093 
   S10_18630101 3.27E-06 0.054 0.093 
   S10_18652257 9.45E-06 0.089 0.077 
   S10_18652308 1.19E-05 0.089 0.072 
   S10_18652323 1.19E-05 0.089 0.072 
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Supplemental Table S8. (continued) 
gs ratio control-cold 10 S10_19042661 3.82E-05 0.113 0.076 
   S10_19042683 3.82E-05 0.113 0.076 
   S10_19768516 1.22E-05 0.089 0.068 
      S10_19781787 4.04E-05 0.113 0.065 
Fv/Fm  recovery 2 S2_60572957 7.33E-07 0.045 0.116 
  4 S4_58111331 2.25E-06 0.092 0.088 
    6 S6_47621281 1.27E-07 0.016 0.140 
Fv´/Fm´ control 1 S1_57017200 2.18E-05 0.109 0.069 
   S1_57017298 1.79E-05 0.109 0.066 
   S1_57017604 3.12E-05 0.109 0.077 
   S1_57017608 1.55E-05 0.107 0.083 
   S1_57017644 5.52E-05 0.109 0.070 
   S1_57017668 5.52E-05 0.109 0.070 
   S1_58024730 4.22E-05 0.109 0.063 
   S1_58044332 7.3E-05 0.109 0.063 
   S1_58827714 6.96E-05 0.109 0.060 
   S1_58827715 6.96E-05 0.109 0.060 
   S1_58827717 6.96E-05 0.109 0.060 
   S1_64692675 6.72E-05 0.109 0.068 
   S1_65336558 1.22E-05 0.107 0.069 
   S1_65354402 6.16E-05 0.109 0.061 
   S1_65517519 6.86E-05 0.109 0.058 
   S1_65967230 3.89E-05 0.109 0.069 
   S1_66191667 1.44E-05 0.107 0.070 
   S1_66228189 2.8E-05 0.109 0.077 
   S1_66274234 2.8E-06 0.107 0.093 
   S1_66357443 1.25E-05 0.107 0.084 
   S1_66365256 7.29E-05 0.109 0.066 
   S1_66434789 3.35E-05 0.109 0.081 
   S1_66589287 5.43E-05 0.109 0.063 
   S1_66624792 1.16E-05 0.107 0.073 
   S1_66761933 9.2E-06 0.107 0.108 
   S1_66873901 4.61E-05 0.109 0.074 
   S1_66873919 4.61E-05 0.109 0.074 
   S1_66988736 5.92E-05 0.109 0.069 
   S1_66995316 2.61E-05 0.109 0.082 
   S1_67011818 6.89E-05 0.109 0.090 
   S1_67073696 1.58E-05 0.107 0.075 
   S1_67451191 5.2E-05 0.109 0.083 
   S1_67453496 6.42E-05 0.109 0.056 
   S1_67453497 6.42E-05 0.109 0.056 
   S1_67453498 6.42E-05 0.109 0.056 
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Supplemental Table S8. (continued) 
Fv´/Fm´ control 1 S1_68413103 5.67E-05 0.109 0.074 
   S1_71210453 5.53E-05 0.109 0.061 
   S1_71427872 5.65E-05 0.109 0.079 
   S1_72334199 3.99E-05 0.109 0.074 
  2 S2_71572856 1.51E-05 0.107 0.077 
   S2_71688644 4.52E-05 0.109 0.088 
  4 S4_63361974 6.98E-05 0.109 0.069 
  5 S5_2748486 6.24E-05 0.109 0.060 
   S5_19633728 1.2E-05 0.107 0.067 
   S5_20149689 5.19E-05 0.109 0.059 
   S5_20187631 6.18E-05 0.109 0.065 
  6 S6_58105559 3.34E-05 0.109 0.068 
  8 S8_185088 1.14E-05 0.107 0.074 
   S8_322850 5.85E-05 0.109 0.078 
   S8_682362 2.71E-05 0.109 0.078 
   S8_866304 1.66E-05 0.107 0.072 
   S8_867068 6.09E-05 0.109 0.086 
   S8_878350 2.15E-05 0.109 0.088 
   S8_878351 2.15E-05 0.109 0.088 
   S8_930721 2.49E-05 0.109 0.072 
   S8_975649 7.29E-05 0.109 0.056 
   S8_977711 7.11E-06 0.107 0.079 
   S8_977761 7.89E-06 0.107 0.072 
   S8_1042989 2.68E-06 0.107 0.081 
   S8_1061136 2.41E-05 0.109 0.073 
   S8_1230430 4.74E-06 0.107 0.091 
   S8_2247668 4.5E-05 0.109 0.061 
   S8_2247680 4.5E-05 0.109 0.061 
   S8_2341125 3.03E-05 0.109 0.068 
   S8_3093058 6.49E-05 0.109 0.058 
   S8_49893693 1.54E-05 0.107 0.068 
   S8_50757645 5.44E-05 0.109 0.068 
   S8_52496099 2.26E-05 0.109 0.067 
   S8_52498383 3.68E-05 0.109 0.082 
   S8_55191392 6.22E-05 0.109 0.062 
  10 S10_1482437 5.13E-05 0.109 0.076 
   S10_4156448 6.98E-05 0.109 0.057 
   S10_4157883 1.98E-05 0.109 0.064 
   S10_4172993 6.55E-05 0.109 0.063 
   S10_4547727 3.68E-05 0.109 0.081 
   S10_4547744 3.68E-05 0.109 0.081 
      S10_5298369 9.95E-06 0.107 0.071 
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Supplemental Table S8. (continued) 
ΦPSII control 1 S1_55863916 5.49E-06 0.155 0.082 
   S1_56156551 1.49E-06 0.155 0.099 
  8 S8_878350 4.6E-06 0.155 0.093 
   S8_878351 4.6E-06 0.155 0.093 
  8  S8_6112580 6.87E-06 0.155 0.084 
ΦPSII cold 7 S7_55198507 8.04E-06 0.159 0.072 
   S7_55198512 8.04E-06 0.159 0.072 
   S7_55202510 1.37E-06 0.154 0.082 
   S7_56092351 7.61E-06 0.159 0.082 
  8 S8_14230156 7.23E-06 0.159 0.075 
      S8_14235598 2.6E-06 0.154 0.083 
ΦPSII 
cumulative 
response 2 S2_9339815 4.62E-05 0.152 0.063 
  3 S3_58704349 4.15E-05 0.152 0.082 
   S3_72511656 3.86E-05 0.152 0.060 
   S3_72511657 3.86E-05 0.152 0.060 
   S3_73857631 4.4E-05 0.152 0.082 
   S3_74339803 1.55E-05 0.152 0.083 
  4 S4_53169136 4.18E-05 0.152 0.059 
   S4_54210532 1.32E-05 0.152 0.092 
   S4_54869879 1.2E-05 0.152 0.076 
  6 S6_56964983 4.32E-05 0.152 0.063 
   S6_57054656 4.55E-05 0.152 0.061 
  7 S7_55202510 1.16E-05 0.152 0.069 
   S7_55934158 1.45E-05 0.152 0.070 
   S7_56027901 2.87E-05 0.152 0.068 
   S7_56027902 2.07E-05 0.152 0.069 
   S7_56092351 4.07E-06 0.152 0.089 
  8 S8_6379758 3E-05 0.152 0.066 
   S8_6842557 2.24E-05 0.152 0.088 
   S8_12840137 4.15E-05 0.152 0.064 
   S8_12840142 4.15E-05 0.152 0.064 
   S8_12880781 5.8E-06 0.152 0.077 
   S8_13010663 1.41E-05 0.152 0.069 
   S8_13516013 4.56E-05 0.152 0.070 
   S8_13516046 4.56E-05 0.152 0.070 
   S8_13573679 1.76E-05 0.152 0.067 
   S8_13750158 8.88E-06 0.152 0.074 
   S8_14211593 9.8E-06 0.152 0.087 
   S8_14230156 3.2E-05 0.152 0.069 
   S8_14235598 1.56E-06 0.152 0.089 
   S8_14241559 3.43E-05 0.152 0.066 
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Supplemental Table S8. (continued) 
ΦPSII 
cumulative 
response 8  S8_14499100 3.85E-05 0.152 0.076 
   S8_39996123 1.92E-05 0.152 0.087 
   S8_42372182 2.65E-05 0.152 0.079 
   S8_48791253 2.26E-05 0.152 0.083 
   S8_52270951 4.17E-05 0.152 0.067 
ΦPSII ratio control-cold 1 S1_25948712 8.48E-06 0.144 0.073 
   S1_27427549 1.41E-05 0.164 0.068 
  3 S3_3779029 6.81E-06 0.144 0.069 
   S3_3779060 6.81E-06 0.144 0.069 
   S3_3779061 6.81E-06 0.144 0.069 
   S3_3779146 7.77E-06 0.144 0.071 
   S3_3779098 8.96E-06 0.144 0.071 
   S3_5983829 1.91E-05 0.189 0.088 
  6 S6_55980429 1.11E-05 0.144 0.070 
   S6_55980430 1.11E-05 0.144 0.070 
  7 S7_56092351 2.5E-06 0.144 0.093 
    8 S8_54340453 1.95E-05 0.189 0.079 
ΦPSII 
ratio cold-
recovery 1 S1_25948712 1.11E-06 0.073 0.086 
    1 S1_66980315 4.52E-07 0.060 0.090 
qP control 4 S4_48680600 4.56E-06 0.190 0.081 
   S4_48680621 4.56E-06 0.190 0.081 
      S4_48680641 4.56E-06 0.190 0.081 
qP cold 2 S2_56963268 2.18E-05 0.192 0.100 
   S2_56963287 2.18E-05 0.192 0.100 
  3 S3_3779029 2.9E-05 0.192 0.060 
   S3_3779060 2.9E-05 0.192 0.060 
   S3_3779061 2.9E-05 0.192 0.060 
   S3_3779098 2.72E-05 0.192 0.063 
   S3_7056966 7.75E-06 0.192 0.073 
   S3_7062579 1.64E-05 0.192 0.066 
   S3_7063280 2.95E-05 0.192 0.068 
   S3_7063281 1.82E-05 0.192 0.068 
   S3_7070659 9.9E-06 0.192 0.096 
   S3_7163399 8.1E-06 0.192 0.071 
   S3_7168773 3.1E-05 0.192 0.076 
   S3_7206433 2.15E-05 0.192 0.065 
   S3_7206577 2.68E-05 0.192 0.074 
   S3_7207468 9.46E-06 0.192 0.072 
  4 S4_2230629 1.92E-05 0.192 0.084 
   S4_2230641 1.92E-05 0.192 0.084 
    9 S9_50384111 7.51E-06 0.192 0.082 
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Supplemental Table S8. (continued) 
qP recovery 3 S3_69973329 7.08E-07 0.078 0.116 
qP 
cumulative 
response 1 S1_21405210 7.49E-05 0.199 0.058 
   S1_21405211 7.49E-05 0.199 0.058 
  2 S2_2842517 2.81E-05 0.199 0.069 
   S2_6577735 3.98E-05 0.199 0.064 
   S2_6599340 5.58E-05 0.199 0.070 
   S2_6675428 7.03E-05 0.199 0.089 
   S2_56963268 2.27E-05 0.199 0.103 
   S2_56963287 2.27E-05 0.199 0.103 
   S2_77525652 5.78E-06 0.199 0.081 
  3 S3_3779029 4.58E-05 0.199 0.058 
   S3_3779060 4.58E-05 0.199 0.058 
   S3_3779061 4.58E-05 0.199 0.058 
   S3_3779098 4.72E-05 0.199 0.060 
   S3_3779146 7E-05 0.199 0.057 
   S3_68141294 7.41E-05 0.199 0.076 
   S3_69973329 1.83E-05 0.199 0.086 
   S3_70002276 4.17E-06 0.199 0.090 
   S3_70023331 6.05E-05 0.199 0.065 
   S3_70023333 6.05E-05 0.199 0.065 
   S3_72200741 7.07E-05 0.199 0.073 
   S3_7418918 4.97E-05 0.199 0.068 
  4 S4_2283211 7.1E-05 0.199 0.056 
   S4_792794 2.58E-05 0.199 0.079 
   S4_60425982 1.34E-05 0.199 0.082 
  5 S5_52959807 4.5E-05 0.199 0.060 
  6 S6_56884968 6.92E-05 0.199 0.061 
   S6_56955699 2.33E-05 0.199 0.065 
   S6_56955738 2.33E-05 0.199 0.065 
   S6_61124475 5.47E-05 0.199 0.062 
  7 S7_55202510 1.62E-05 0.199 0.068 
   S7_56092351 3.09E-05 0.199 0.074 
  8 S8_13573679 4.63E-05 0.199 0.060 
   S8_13750158 7.04E-05 0.199 0.059 
   S8_14235598 1.49E-05 0.199 0.075 
   S8_39996123 3.31E-05 0.199 0.085 
   S8_48794253 7.36E-05 0.199 0.086 
  9 S9_50384111 9.09E-06 0.199 0.082 
  10 S10_2865506 7.22E-05 0.199 0.058 
   S10_3292545 2.76E-05 0.199 0.093 
   S10_3358681 4.57E-05 0.199 0.066 
   S10_3385464 5.14E-05 0.199 0.089 
78 
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qP 
cumulative 
response 10 S10_3385469 5.14E-05 0.199 0.089 
qP ratio control-cold 1 S1_19096249 4.13E-05 0.172 0.073 
  1 S1_19096254 4.13E-05 0.172 0.073 
   S1_67399468 4.42E-05 0.173 0.060 
   S1_70954318 2.22E-05 0.126 0.083 
   S1_70954823 1.29E-05 0.126 0.067 
   S1_70954859 1.32E-05 0.126 0.068 
   S1_72756643 2.59E-05 0.126 0.071 
   S1_72904175 5.25E-05 0.186 0.066 
  2 S2_56963268 1.56E-05 0.126 0.099 
   S2_56963287 1.56E-05 0.126 0.099 
  3 S3_3730025 4.89E-05 0.178 0.066 
   S3_3775132 1.39E-05 0.126 0.081 
   S3_3775538 2.42E-05 0.126 0.063 
   S3_3775574 1.52E-05 0.126 0.065 
   S3_3779029 2.69E-06 0.063 0.076 
   S3_3779060 2.69E-06 0.063 0.076 
   S3_3779061 2.69E-06 0.063 0.076 
   S3_3779098 2.49E-06 0.063 0.080 
   S3_3779146 2.28E-06 0.063 0.080 
   S3_3828318 0.000026 0.126 0.075 
   S3_72200741 2.07E-05 0.126 0.083 
  5 S5_52959807 4.4E-06 0.086 0.075 
   S5_52959810 1.93E-05 0.126 0.064 
  6 S6_60840346 2.81E-05 0.131 0.060 
  7 S7_56092351 2.98E-05 0.134 0.071 
  8 S8_13516013 4.61E-05 0.173 0.070 
   S8_13516046 4.61E-05 0.173 0.070 
   S8_13859934 2.41E-05 0.126 0.074 
   S8_13859951 1.93E-05 0.126 0.076 
   S8_13859960 2.41E-05 0.126 0.074 
   S8_14211593 1.31E-05 0.126 0.082 
   S8_14230156 1.74E-05 0.126 0.071 





Supplemental table S9. Complete list of sorghum genes localized ± 55 kb of SNPs located within selected genomic regions with multiple SNPs in LD 
consistently identified associated with multiple gas exchange and chlorophyll fluorescence traits 

























S3_3779029 24.8 23.9 0.060 2.9E-05 0.192 qP cold 
S3_3779029 24.8 23.9 0.058 4.6E-05 0.199 qP cum res 
S3_3779060 24.8 23.9 0.060 2.9E-05 0.192 qP cold 
S3_3779060 24.8 23.9 0.058 4.6E-05 0.199 qP cum res 
S3_3779061 24.8 23.9 0.060 2.9E-05 0.192 qP cold 
S3_3779061 24.8 23.9 0.058 4.6E-05 0.199 qP cum res 
S3_3779098 24.9 24.0 0.063 2.7E-05 0.192 qP cold 
S3_3779098 24.9 24.0 0.060 4.7E-05 0.199 qP cum res 
S3_3779146 24.9 24.0 0.057 7.0E-05 0.199 qP cum res 
S3_3730025 -24.2 -25.1 0.066 4.9E-05 0.178 qP ratio C-C 
S3_3775132 20.9 20.0 0.081 1.4E-05 0.126 qP ratio C-C 
S3_3775538 21.3 20.4 0.063 2.4E-05 0.126 qP ratio C-C 
S3_3775538 21.3 20.4 0.062 2.7E-05 0.111 E ratio C-C 
S3_3775574 21.3 20.4 0.065 1.5E-05 0.126 qP ratio C-C 
S3_3775574 21.3 20.4 0.065 1.5E-05 0.111 E ratio C-C 
S3_3779029 24.8 23.9 0.069 6.8E-06 0.144 ΦPSII ratio C-C 
S3_3779029 24.8 23.9 0.076 2.7E-06 0.063 qP ratio C-C 
S3_3779029 24.8 23.9 0.060 3.2E-05 0.111 E ratio C-C 
S3_3779060 24.8 23.9 0.069 6.8E-06 0.144 ΦPSII ratio C-C 
S3_3779060 24.8 23.9 0.076 2.7E-06 0.063 qP ratio C-C 
S3_3779060 24.8 23.9 0.060 3.2E-05 0.111 E ratio C-C 
S3_3779061 24.8 23.9 0.069 6.8E-06 0.144 ΦPSII ratio C-C 
S3_3779061 24.8 23.9 0.076 2.7E-06 0.063 qP ratio C-C 
S3_3779061 24.8 23.9 0.060 3.2E-05 0.111 E ratio C-C 
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S3_3779098 24.9 24.0 0.080 2.5E-06 0.063 qP ratio C-C 
S3_3779098 24.9 24.0 0.062 2.8E-05 0.111 E ratio C-C 
S3_3779146 24.9 24.0 0.071 7.8E-06 0.144 ΦPSII ratio C-C 
S3_3779146 24.9 24.0 0.080 2.3E-06 0.063 qP ratio C-C 
cytochrome P450 Sb03g003590 3 
3806870-
3808405 
S3_3779029 -27.8 -29.4 0.060 2.9E-05 0.192 qP cold 
S3_3779029 -27.8 -29.4 0.058 4.6E-05 0.199 qP cum res 
S3_3779060 -27.8 -29.3 0.060 2.9E-05 0.192 qP cold 
S3_3779060 -27.8 -29.3 0.058 4.6E-05 0.199 qP cum res 
S3_3779061 -27.8 -29.3 0.060 2.9E-05 0.192 qP cold 
S3_3779061 -27.8 -29.3 0.058 4.6E-05 0.199 qP cum res 
S3_3779098 -27.8 -29.3 0.063 2.7E-05 0.192 qP cold 
S3_3779098 -27.8 -29.3 0.060 4.7E-05 0.199 qP cum res 
S3_3779146 -27.7 -29.3 0.057 7.0E-05 0.199 qP cum res 
S3_3775132 -31.7 -33.3 0.081 1.39E-05 0.126 qP ratio C-C 
S3_3775538 -31.3 -32.9 0.063 2.42E-05 0.126 qP ratio C-C 
S3_3775538 -31.3 -32.9 0.062 2.69E-05 0.111 E ratio C-C 
S3_3775574 -31.3 -32.8 0.065 1.52E-05 0.126 qP ratio C-C 
S3_3775574 -31.3 -32.8 0.065 1.52E-05 0.111 E ratio C-C 
S3_3779029 -27.8 -29.4 0.069 6.81E-06 0.144 ΦPSII ratio C-C 
S3_3779029 -27.8 -29.4 0.076 2.69E-06 0.063 qP ratio C-C 
S3_3779029 -27.8 -29.4 0.060 3.16E-05 0.111 E ratio C-C 
S3_3779060 -27.8 -29.3 0.069 6.81E-06 0.144 ΦPSII ratio C-C 
S3_3779060 -27.8 -29.3 0.076 2.69E-06 0.063 qP ratio C-C 
S3_3779060 -27.8 -29.3 0.060 3.16E-05 0.111 E ratio C-C 
S3_3779061 -27.8 -29.3 0.069 6.81E-06 0.144 ΦPSII ratio C-C 
S3_3779061 -27.8 -29.3 0.076 2.69E-06 0.063 qP ratio C-C 
S3_3779061 -27.8 -29.3 0.060 3.16E-05 0.111 E ratio C-C 
S3_3779098 -27.8 -29.3 0.071 8.96E-06 0.144 ΦPSII ratio C-C 
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S3_3779098 -27.8 -29.3 0.062 2.78E-05 0.111 E ratio C-C 
S3_3779146 -27.7 -29.3 0.071 7.77E-06 0.144 ΦPSII ratio C-C 
S3_3779146 -27.7 -29.3 0.080 2.28E-06 0.063 qP ratio C-C 
S3_3779146 -27.7 -29.3 0.065 2.67E-05 0.111 E ratio C-C 
S3_3828318 21.4 19.9 0.075 2.60E-05 0.126 qP ratio C-C 
S3_3775132 -35.1 -36.8 0.081 1.39E-05 0.126 qP ratio C-C 
S3_3775538 -34.7 -36.4 0.063 2.42E-05 0.126 qP ratio C-C 
S3_3775538 -34.7 -36.4 0.062 2.69E-05 0.111 E ratio C-C 
S3_3775574 -34.7 -36.4 0.065 1.52E-05 0.126 qP ratio C-C 
S3_3775574 -34.7 -36.4 0.065 1.52E-05 0.111 E ratio C-C 
S3_3779029 -31.2 -32.9 0.069 6.81E-06 0.144 ΦPSII ratio C-C 
S3_3779029 -31.2 -32.9 0.076 2.69E-06 0.063 qP ratio C-C 
S3_3779029 -31.2 -32.9 0.060 3.16E-05 0.111 E ratio C-C 
S3_3779060 -31.2 -32.9 0.069 6.81E-06 0.144 ΦPSII ratio C-C 
S3_3779060 -31.2 -32.9 0.076 2.69E-06 0.063 qP ratio C-C 
S3_3779060 -31.2 -32.9 0.060 3.16E-05 0.111 E ratio C-C 
S3_3779061 -31.2 -32.9 0.069 6.81E-06 0.144 ΦPSII ratio C-C 
S3_3779061 -31.2 -32.9 0.076 2.69E-06 0.063 qP ratio C-C 
S3_3779061 -31.2 -32.9 0.060 3.16E-05 0.111 E ratio C-C 
S3_3779098 -31.1 -32.8 0.071 8.96E-06 0.144 ΦPSII ratio C-C 
S3_3779098 -31.1 -32.8 0.080 2.49E-06 0.063 qP ratio C-C 
S3_3779098 -31.1 -32.8 0.062 2.78E-05 0.111 E ratio C-C 
S3_3779146 -31.1 -32.8 0.071 7.77E-06 0.144 ΦPSII ratio C-C 
S3_3779146 -31.1 -32.8 0.080 2.28E-06 0.063 qP ratio C-C 
S3_3779146 -31.1 -32.8 0.065 2.67E-05 0.111 E ratio C-C 
S3_3828318 18.1 16.4 0.075 2.60E-05 0.126 qP ratio C-C 
cytochrome P450 Sb03g003600 3 
3810230-
3811930 
S3_3779029 -31.2 -32.9 0.060 2.9E-05 0.192 qP cold 
S3_3779029 -31.2 -32.9 0.058 4.6E-05 0.199 qP cum res 
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S3_3779060 -31.2 -32.9 0.058 4.6E-05 0.199 qP cum res 
S3_3779061 -31.2 -32.9 0.060 2.9E-05 0.192 qP cold 
S3_3779061 -31.2 -32.9 0.058 4.6E-05 0.199 qP cum res 
S3_3779098 -31.1 -32.8 0.063 2.7E-05 0.192 qP cold 
S3_3779098 -31.1 -32.8 0.060 4.7E-05 0.199 qP cum res 
S3_3779146 -31.1 -32.8 0.057 7.0E-05 0.199 qP cum res 
S3_3775132 -35.1 -36.8 0.081 1.39E-05 0.126 qP ratio C-C 
S3_3775538 -34.7 -36.4 0.063 2.42E-05 0.126 qP ratio C-C 
S3_3775538 -34.7 -36.4 0.062 2.69E-05 0.111 E ratio C-C 
S3_3775574 -34.7 -36.4 0.065 1.52E-05 0.126 qP ratio C-C 
S3_3775574 -34.7 -36.4 0.065 1.52E-05 0.111 E ratio C-C 
S3_3779029 -31.2 -32.9 0.069 6.81E-06 0.144 ΦPSII ratio C-C 
S3_3779029 -31.2 -32.9 0.076 2.69E-06 0.063 qP ratio C-C 
S3_3779029 -31.2 -32.9 0.060 3.16E-05 0.111 E ratio C-C 
S3_3779060 -31.2 -32.9 0.069 6.81E-06 0.144 ΦPSII ratio C-C 
S3_3779060 -31.2 -32.9 0.076 2.69E-06 0.063 qP ratio C-C 
S3_3779060 -31.2 -32.9 0.060 3.16E-05 0.111 E ratio C-C 
S3_3779061 -31.2 -32.9 0.069 6.81E-06 0.144 ΦPSII ratio C-C 
S3_3779061 -31.2 -32.9 0.076 2.69E-06 0.063 qP ratio C-C 
S3_3779061 -31.2 -32.9 0.060 3.16E-05 0.111 E ratio C-C 
S3_3779098 -31.1 -32.8 0.071 8.96E-06 0.144 ΦPSII ratio C-C 
S3_3779098 -31.1 -32.8 0.080 2.49E-06 0.063 qP ratio C-C 
S3_3779098 -31.1 -32.8 0.062 2.78E-05 0.111 E ratio C-C 
S3_3779146 -31.1 -32.8 0.071 7.77E-06 0.144 ΦPSII ratio C-C 
S3_3779146 -31.1 -32.8 0.080 2.28E-06 0.063 qP ratio C-C 
S3_3779146 -31.1 -32.8 0.065 2.67E-05 0.111 E ratio C-C 
S3_3828318 18.1 16.4 0.075 2.60E-05 0.126 qP ratio C-C 
expressed protein Sb03g044690 3 
72036284-
72046755 
S3_72086161 49.9 39.4 0.082 1.90E-05 0.176 E cum res 














S3_72086161 29.4 25.7 0.082 1.90E-05 0.176 E cum res 






S3_72086161 21.7 19.2 0.082 1.90E-05 0.176 E cum res 
S3_72086161 21.7 19.2 0.082 1.77E-05 0.144 gs cum res 
expressed protein Sb03g044720 3 
72074710-
72078136 
S3_72086161 11.5 8.0 0.082 1.90E-05 0.176 E cum res 
S3_72086161 11.5 8.0 0.082 1.77E-05 0.144 gs cum res 
expressed protein Sb03g044730 3 
72078785-
72081047 
S3_72086161 7.4 5.1 0.082 1.90E-05 0.176 E cum res 
S3_72086161 7.4 5.1 0.082 1.77E-05 0.144 gs cum res 
protein kinase Sb03g044740 3 
72080706-
72084341 
S3_72086161 5.5 1.8 0.082 1.90E-05 0.176 E cum res 









S3_72086161 -5.2 -6.5 0.082 1.90E-05 0.176 E cum res 










S3_72086161 -34.1 -34.7 0.082 1.90E-05 0.176 E cum res 
S3_72086161 -34.1 -34.7 0.082 1.77E-05 0.144 
gs 
cum res 
expressed protein Sb03g044770 3 
72127913-
72129581 
S3_72086161 -41.8 -43.4 0.082 1.90E-05 0.176 E cum res 






S3_72086161 -50.0 -54.5 0.082 1.90E-05 0.176 E cum res 
S3_72086161 -50.0 -54.5 0.082 1.77E-05 0.144 gs cum res 
cytochrome P450 Sb03g044800 3 
72151735-
72153777 
S3_72200741 49.0 47.0 0.073 7.07E-05 0.199 qP cum res 
S3_72200741 49.0 47.0 0.083 2.07E-05 0.126 qP ratio C-C 
expressed protein Sb03g044810 3 
72160806-
72161519 S3_72200741 39.9 39.2 0.073 7.07E-05 0.199 qP cum res 
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tropinone reductase Sb03g044825 3 
72173842-







S3_72200741 25.2 22.1 0.073 7.07E-05 0.199 qP cum res 
expressed protein Sb03g044840 3 
72179611-
72181318 S3_72200741 21.1 19.4 0.073 7.07E-05 0.199 qP cum res 
acyltransferase Sb03g044850 3 
72181825-
72185363 
S3_72200741 18.9 15.4 0.073 7.07E-05 0.199 qP cum res 



























72206181 S3_72200741 -4.7 -5.4 0.073 7.07E-05 0.199 qP cum res 
BTBM1 - Bric-a-
Brac, Tramtrack, 
Broad Complex BTB 







S3_72200741 -9.2 -15.3 0.073 7.07E-05 0.199 qP cum res 
RALFL7 - Rapid 
ALkalinization 





S3_72200741 -39.8 -40.2 0.073 7.07E-05 0.199 qP cum res 
RALFL1 - Rapid 
ALkalinization 
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expressed protein Sb03g045205 3 
72464869-
72467313 
S3_72511656 46.8 44.3 0.060 3.86E-05 0.152 ΦPSII cum res 







S3_72511656 41.0 40.7 0.060 3.86E-05 0.152 ΦPSII cum res 
S3_72511657 41.0 40.7 0.060 3.86E-05 0.152 ΦPSII cum res 
lipase precursor Sb03g045220 3 
72483209-
72486912 
S3_72511656 28.4 24.7 0.060 3.86E-05 0.152 ΦPSII cum res 
S3_72511657 28.4 24.7 0.060 3.86E-05 0.152 ΦPSII cum res 
  Sb03g045230 3 
72497590-
72499478 
S3_72511656 14.1 12.2 0.060 3.86E-05 0.152 ΦPSII cum res 






S3_72511656 10.5 4.9 0.060 3.86E-05 0.152 ΦPSII cum res 
S3_72511657 10.5 4.9 0.060 3.86E-05 0.152 ΦPSII cum res 
xylanase inhibitor Sb03g045250 3 
72513925-
72515271 
S3_72511656 -2.3 -3.6 0.060 3.86E-05 0.152 ΦPSII cum res 
S3_72511657 -2.3 -3.6 0.060 3.86E-05 0.152 ΦPSII cum res 
xylanase inhibitor Sb03g045260 3 
72518106-
72519601 
S3_72511656 -6.5 -7.9 0.060 3.86E-05 0.152 ΦPSII cum res 
S3_72511657 -6.4 -7.9 0.060 3.86E-05 0.152 ΦPSII cum res 
xylanase inhibitor Sb03g045270 3 
72521180-
72522563 
S3_72511656 -9.5 -10.9 0.060 3.86E-05 0.152 ΦPSII cum res 
S3_72511657 -9.5 -10.9 0.060 3.86E-05 0.152 ΦPSII cum res 
xylanase inhibitor Sb03g045280 3 
72531701-
72533027 
S3_72511656 -20.0 -21.4 0.060 3.86E-05 0.152 ΦPSII cum res 






S3_72511656 -40.4 -41.6 0.060 3.86E-05 0.152 ΦPSII cum res 
S3_72511657 -40.4 -41.6 0.060 3.86E-05 0.152 ΦPSII cum res 
classical 
arabinogalactan 




S3_72511656 -47.9 -48.3 0.060 3.86E-05 0.152 ΦPSII cum res 
S3_72511657 -47.9 -48.3 0.060 3.86E-05 0.152 ΦPSII cum res 
serine/threonine-




S4_54825903 43.5 40.2 0.064 3.15E-05 0.162 E control 
S4_54826454 44.0 40.7 0.066 6.88E-05 0.162 E control 






S4_54825903 38.9 35.7 0.064 3.15E-05 0.162 E control 
S4_54826454 39.5 36.3 0.066 6.88E-05 0.162 E control 
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expressed protein Sb04g024900 4 
54790349-
54791997 
S4_54825903 35.6 33.9 0.064 3.15E-05 0.162 E control 
S4_54826454 36.1 34.5 0.066 6.88E-05 0.162 E control 
S4_54826462 36.1 34.5 0.076 1.75E-05 0.162 E control 
glycosyl hydrolase 




S4_54825903 25.5 23.6 0.064 3.15E-05 0.162 E control 
S4_54826454 26.1 24.2 0.066 6.88E-05 0.162 E control 







S4_54825903 22.7 19.7 0.064 3.15E-05 0.162 E control 
S4_54826454 23.3 20.3 0.066 6.88E-05 0.162 E control 
S4_54826462 23.3 20.3 0.076 1.75E-05 0.162 E control 
cytochrome P450 Sb04g024930 4 
54808093-
54810099 
S4_54825903 17.8 15.8 0.064 3.15E-05 0.162 E control 
S4_54826454 18.4 16.4 0.066 6.88E-05 0.162 E control 






S4_54825903 12.9 9.9 0.064 3.15E-05 0.162 E control 
S4_54826454 13.5 10.5 0.066 6.88E-05 0.162 E control 
S4_54826462 13.5 10.5 0.076 1.75E-05 0.162 E control 
BTBZ4 - Bric-a-
Brac, Tramtrack, 
Broad Complex BTB 
domain with TAZ 






S4_54825903 0.9 -1.3 0.064 3.15E-05 0.162 E control 
S4_54826454 1.5 -0.7 0.066 6.88E-05 0.162 E control 
S4_54826462 1.5 -0.7 0.076 1.75E-05 0.162 E control 
S4_54869879 44.9 42.7 0.075 1.52E-05 0.174 A cum res 
S4_54869879 44.9 42.7 0.076 1.80E-05 0.176 E cum res 
S4_54869879 44.9 42.7 0.089 3.31E-06 0.144 gs cum res 
S4_54869879 44.9 42.7 0.076 1.20E-05 0.152 ΦPSII cum res 
S4_54870986 46.0 43.8 0.065 4.79E-05 0.176 A cum res 
S4_54870986 46.0 43.8 0.067 3.49E-05 0.176 E cum res 
S4_54870986 46.0 43.8 0.072 1.51E-05 0.144 gs cum res 
S4_54871067 46.1 43.9 0.067 3.87E-05 0.144 gs cum res 
expressed protein Sb04g024960 4 
54830198-
54830591 
S4_54825903 -4.3 -4.7 0.064 3.15E-05 0.162 E control 
S4_54826454 -3.7 -4.1 0.066 6.88E-05 0.162 E control 
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S4_54869879 39.7 39.3 0.075 1.52E-05 0.174 A cum res 
S4_54869879 39.7 39.3 0.076 1.80E-05 0.176 E cum res 
S4_54869879 39.7 39.3 0.089 3.31E-06 0.144 gs cum res 
S4_54869879 39.7 39.3 0.076 1.20E-05 0.152 ΦPSII cum res 
S4_54870986 40.8 40.4 0.065 4.79E-05 0.176 A cum res 
S4_54870986 40.8 40.4 0.067 3.49E-05 0.176 E cum res 
S4_54870986 40.8 40.4 0.072 1.51E-05 0.144 gs cum res 
S4_54871067 40.9 40.5 0.067 3.87E-05 0.144 gs cum res 






S4_54825903 -6.9 -10.8 0.064 3.15E-05 0.162 E control 
S4_54826454 -6.4 -10.3 0.066 6.88E-05 0.162 E control 
S4_54826462 -6.3 -10.3 0.076 1.75E-05 0.162 E control 
S4_54869879 37.1 33.1 0.075 1.52E-05 0.174 A cum res 
S4_54869879 37.1 33.1 0.076 1.80E-05 0.176 E cum res 
S4_54869879 37.1 33.1 0.089 3.31E-06 0.144 gs cum res 
S4_54869879 37.1 33.1 0.076 1.20E-05 0.152 ΦPSII cum res 
S4_54870986 38.2 34.2 0.065 4.79E-05 0.176 A cum res 
S4_54870986 38.2 34.2 0.067 3.49E-05 0.176 E cum res 
S4_54870986 38.2 34.2 0.072 1.51E-05 0.144 gs cum res 
S4_54871067 38.3 34.3 0.067 3.87E-05 0.144 gs cum res 
actin Sb04g024980 4 
54840535-
54844681 
S4_54825903 -14.6 -18.8 0.064 3.15E-05 0.162 E control 
S4_54826454 -14.1 -18.2 0.066 6.88E-05 0.162 E control 
S4_54826462 -14.1 -18.2 0.076 1.75E-05 0.162 E control 
S4_54869879 29.3 25.2 0.075 1.52E-05 0.174 A cum res 
S4_54869879 29.3 25.2 0.076 1.80E-05 0.176 E cum res 
S4_54869879 29.3 25.2 0.089 3.31E-06 0.144 gs cum res 
S4_54869879 29.3 25.2 0.076 1.20E-05 0.152 ΦPSII cum res 
S4_54870986 30.5 26.3 0.065 4.79E-05 0.176 A cum res 
S4_54870986 30.5 26.3 0.067 3.49E-05 0.176 E cum res 
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S4_54825903 -18.9 -22.2 0.064 3.15E-05 0.162 E control 
S4_54826454 -18.4 -21.7 0.066 6.88E-05 0.162 E control 
S4_54826462 -18.4 -21.7 0.076 1.75E-05 0.162 E control 
S4_54869879 25.0 21.7 0.075 1.52E-05 0.174 A cum res 
S4_54869879 25.0 21.7 0.076 1.80E-05 0.176 E cum res 
S4_54869879 25.0 21.7 0.089 3.31E-06 0.144 gs cum res 
S4_54869879 25.0 21.7 0.076 1.20E-05 0.152 ΦPSII cum res 
S4_54870986 26.2 22.9 0.065 4.79E-05 0.176 A cum res 
S4_54870986 26.2 22.9 0.067 3.49E-05 0.176 E cum res 
S4_54870986 26.2 22.9 0.072 1.51E-05 0.144 gs cum res 






S4_54825903 -46.9 -48.7 0.064 3.15E-05 0.162 E control 
S4_54826454 -46.4 -48.1 0.066 6.88E-05 0.162 E control 
S4_54826462 -46.4 -48.1 0.076 1.75E-05 0.162 E control 
S4_54869879 -3.0 -4.7 0.075 1.52E-05 0.174 A cum res 
S4_54869879 -3.0 -4.7 0.076 1.80E-05 0.176 E cum res 
S4_54869879 -3.0 -4.7 0.089 3.31E-06 0.144 gs cum res 
S4_54869879 -3.0 -4.7 0.076 1.20E-05 0.152 ΦPSII cum res 
S4_54870986 -1.9 -3.6 0.065 4.79E-05 0.176 A cum res 
S4_54870986 -1.9 -3.6 0.067 3.49E-05 0.176 E cum res 
S4_54870986 -1.9 -3.6 0.072 1.51E-05 0.144 gs cum res 
S4_54871067 -1.8 -3.5 0.067 3.87E-05 0.144 gs cum res 
steroid nuclear 
receptor, ligand-
binding Sb04g025010 4 
54880494-
54883528 
S4_54869879 -10.6 -13.6 0.075 1.52E-05 0.174 A cum res 
S4_54869879 -10.6 -13.6 0.076 1.80E-05 0.176 E cum res 
S4_54869879 -10.6 -13.6 0.089 3.31E-06 0.144 gs cum res 
S4_54869879 -10.6 -13.6 0.076 1.20E-05 0.152 ΦPSII cum res 
S4_54870986 -9.5 -12.5 0.065 4.79E-05 0.176 A cum res 
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    S4_54870986 -9.5 -12.5 0.072 1.51E-05 0.144 gs cum res 








S4_54869879 -14.2 -16.9 0.075 1.52E-05 0.174 A cum res 
S4_54869879 -14.2 -16.9 0.076 1.80E-05 0.176 E cum res 
S4_54869879 -14.2 -16.9 0.089 3.31E-06 0.144 gs cum res 
S4_54869879 -14.2 -16.9 0.076 1.20E-05 0.152 ΦPSII cum res 
S4_54870986 -13.1 -15.8 0.065 4.79E-05 0.176 A cum res 
S4_54870986 -13.1 -15.8 0.067 3.49E-05 0.176 E cum res 
S4_54870986 -13.1 -15.8 0.072 1.51E-05 0.144 gs cum res 
S4_54871067 -13.0 -15.7 0.067 3.87E-05 0.144 gs cum res 






S4_54869879 -20.3 -25.1 0.075 1.52E-05 0.174 A cum res 
S4_54869879 -20.3 -25.1 0.076 1.80E-05 0.176 E cum res 
S4_54869879 -20.3 -25.1 0.089 3.31E-06 0.144 gs cum res 
S4_54869879 -20.3 -25.1 0.076 1.20E-05 0.152 ΦPSII cum res 
S4_54870986 -19.2 -24.0 0.065 4.79E-05 0.176 A cum res 
S4_54870986 -19.2 -24.0 0.067 3.49E-05 0.176 E cum res 
S4_54870986 -19.2 -24.0 0.072 1.51E-05 0.144 gs cum res 
S4_54871067 -19.1 -23.9 0.067 3.87E-05 0.144 gs cum res 
expressed protein Sb04g025040 4 
54898722-
54906418 
S4_54869879 -28.8 -36.5 0.075 1.52E-05 0.174 A cum res 
S4_54869879 -28.8 -36.5 0.076 1.80E-05 0.176 E cum res 
S4_54869879 -28.8 -36.5 0.089 3.31E-06 0.144 gs cum res 
S4_54869879 -28.8 -36.5 0.076 1.20E-05 0.152 ΦPSII cum res 
S4_54870986 -27.7 -35.4 0.065 4.79E-05 0.176 A cum res 
S4_54870986 -27.7 -35.4 0.067 3.49E-05 0.176 E cum res 
S4_54870986 -27.7 -35.4 0.072 1.51E-05 0.144 gs cum res 
S4_54871067 -27.7 -35.4 0.067 3.87E-05 0.144 gs cum res 
EMB2423 Sb04g025045 4 
54908547-
54915072 
S4_54869879 -38.7 -45.2 0.075 1.52E-05 0.174 A cum res 
S4_54869879 -38.7 -45.2 0.076 1.80E-05 0.176 E cum res 
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S4_54869879 -38.7 -45.2 0.076 1.20E-05 0.152 ΦPSII cum res 
S4_54870986 -37.6 -44.1 0.065 4.79E-05 0.176 A cum res 
S4_54870986 -37.6 -44.1 0.067 3.49E-05 0.176 E cum res 
S4_54870986 -37.6 -44.1 0.072 1.51E-05 0.144 gs cum res 
S4_54871067 -37.5 -44.0 0.067 3.87E-05 0.144 gs cum res 
cyclin Sb04g025050 4 
54916067-
54917044 
S4_54869879 -46.2 -47.2 0.075 1.52E-05 0.174 A cum res 
S4_54869879 -46.2 -47.2 0.076 1.80E-05 0.176 E cum res 
S4_54869879 -46.2 -47.2 0.089 3.31E-06 0.144 gs cum res 
S4_54869879 -46.2 -47.2 0.076 1.20E-05 0.152 ΦPSII cum res 
S4_54870986 -45.1 -46.1 0.065 4.79E-05 0.176 A cum res 
S4_54870986 -45.1 -46.1 0.067 3.49E-05 0.176 E cum res 
S4_54870986 -45.1 -46.1 0.072 1.51E-05 0.144 gs cum res 
S4_54871067 -45.0 -46.0 0.067 3.87E-05 0.144 gs cum res 
expressed protein Sb06g028120 6 
56965140-
56968302 
S6_57015199 50.1 46.9 0.066 1.86E-05 0.174 A cum res 
S6_57015199 50.1 46.9 0.060 4.70E-05 0.176 E cum res 
S6_57015320 50.2 47.0 0.100 1.95E-05 0.174 A cum res 






S6_57015199 26.8 22.9 0.066 1.86E-05 0.174 A cum res 
S6_57015199 26.8 22.9 0.060 4.70E-05 0.176 E cum res 
S6_57015320 27.0 23.0 0.100 1.95E-05 0.174 A cum res 







S6_57015199 14.4 9.8 0.066 1.86E-05 0.174 A cum res 
S6_57015199 14.4 9.8 0.060 4.70E-05 0.176 E cum res 
S6_57015320 14.5 9.9 0.100 1.95E-05 0.174 A cum res 
S6_57015320 14.5 9.9 0.089 6.17E-05 0.176 E cum res 
S6_57049108 48.3 43.7 0.063 3.02E-05 0.174 A cum res 
S6_57054656 53.9 49.2 0.060 4.74E-05 0.176 A cum res 














S6_57015199 1.3 -1.6 0.066 1.86E-05 0.174 A cum res 
S6_57015199 1.3 -1.6 0.060 4.70E-05 0.176 E cum res 
S6_57015320 1.4 -1.4 0.100 1.95E-05 0.174 A cum res 
S6_57015320 1.4 -1.4 0.089 6.17E-05 0.176 E cum res 
S6_57049108 35.2 32.4 0.063 3.02E-05 0.174 A cum res 
S6_57054656 40.8 37.9 0.060 4.74E-05 0.176 A cum res 
S6_57054656 40.8 37.9 0.061 4.55E-05 0.152 ΦPSII cum res 
expressed protein Sb06g028170 6 
57018352-
57019388 
S6_57015199 -3.2 -4.2 0.066 1.86E-05 0.174 A cum res 
S6_57015199 -3.2 -4.2 0.060 4.70E-05 0.176 E cum res 
S6_57015320 -3.0 -4.1 0.100 1.95E-05 0.174 A cum res 
S6_57015320 -3.0 -4.1 0.089 6.17E-05 0.176 E cum res 
S6_57049108 30.8 29.7 0.063 3.02E-05 0.174 A cum res 
S6_57054656 36.3 35.3 0.060 4.74E-05 0.176 A cum res 






S6_57015199 -5.3 -8.3 0.066 1.86E-05 0.174 A cum res 
S6_57015199 -5.3 -8.3 0.060 4.70E-05 0.176 E cum res 
S6_57015320 -5.2 -8.2 0.100 1.95E-05 0.174 A cum res 
S6_57015320 -5.2 -8.2 0.089 6.17E-05 0.176 E cum res 
S6_57049108 28.6 25.6 0.063 3.02E-05 0.174 A cum res 
S6_57054656 34.1 31.1 0.060 4.74E-05 0.176 A cum res 







S6_57015199 -8.9 -12.9 0.066 1.86E-05 0.174 A cum res 
S6_57015199 -8.9 -12.9 0.060 4.70E-05 0.176 E cum res 
S6_57015320 -8.8 -12.7 0.100 1.95E-05 0.174 A cum res 
S6_57015320 -8.8 -12.7 0.089 6.17E-05 0.176 E cum res 
S6_57049108 25.0 21.0 0.063 3.02E-05 0.174 A cum res 
S6_57054656 30.6 26.6 0.060 4.74E-05 0.176 A cum res 
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S6_57015199 -24.4 -25.0 0.066 1.86E-05 0.174 A cum res 
S6_57015199 -24.4 -25.0 0.060 4.70E-05 0.176 E cum res 
S6_57015320 -24.3 -24.9 0.100 1.95E-05 0.174 A cum res 
S6_57015320 -24.3 -24.9 0.089 6.17E-05 0.176 E cum res 
S6_57049108 9.5 8.9 0.063 3.02E-05 0.174 A cum res 
S6_57054656 15.1 14.5 0.060 4.74E-05 0.176 A cum res 







S6_57015199 -25.0 -25.9 0.066 1.86E-05 0.174 A cum res 
S6_57015199 -25.0 -25.9 0.060 4.70E-05 0.176 E cum res 
S6_57015320 -24.9 -25.7 0.100 1.95E-05 0.174 A cum res 
S6_57015320 -24.9 -25.7 0.089 6.17E-05 0.176 E cum res 
S6_57049108 8.9 8.1 0.063 3.02E-05 0.174 A cum res 
S6_57054656 14.4 13.6 0.060 4.74E-05 0.176 A cum res 
S6_57054656 14.4 13.6 0.061 4.55E-05 0.152 ΦPSII cum res 
terpene synthase Sb06g028210 6 
57045616-
57050067 
S6_57015199 -30.4 -34.9 0.066 1.86E-05 0.174 A cum res 
S6_57015199 -30.4 -34.9 0.060 4.70E-05 0.176 E cum res 
S6_57015320 -30.3 -34.7 0.100 1.95E-05 0.174 A cum res 
S6_57015320 -30.3 -34.7 0.089 6.17E-05 0.176 E cum res 
S6_57049108 3.5 -1.0 0.063 3.02E-05 0.174 A cum res 
S6_57054656 9.0 4.6 0.060 4.74E-05 0.176 A cum res 






S6_57015199 -38.8 -43.1 0.066 1.86E-05 0.174 A cum res 
S6_57015199 -38.8 -43.1 0.060 4.70E-05 0.176 E cum res 
S6_57015320 -38.7 -43.0 0.100 1.95E-05 0.174 A cum res 
S6_57015320 -38.7 -43.0 0.089 6.17E-05 0.176 E cum res 
S6_57049108 -4.9 -9.2 0.063 3.02E-05 0.174 A cum res 
S6_57054656 0.7 -3.7 0.060 4.74E-05 0.176 A cum res 















S6_57015199 -44.4 -45.8 0.066 1.86E-05 0.174 A cum res 
S6_57015199 -44.4 -45.8 0.060 4.70E-05 0.176 E cum res 
S6_57015320 -44.3 -45.7 0.100 1.95E-05 0.174 A cum res 
S6_57015320 -44.3 -45.7 0.089 6.17E-05 0.176 E cum res 
S6_57049108 -10.5 -11.9 0.063 3.02E-05 0.174 A cum res 
S6_57054656 -4.9 -6.3 0.060 4.74E-05 0.176 A cum res 
S6_57054656 -4.9 -6.3 0.061 4.55E-05 0.152 ΦPSII cum res 






S6_57049108 -18.6 -23.2 0.063 3.02E-05 0.174 A cum res 
S6_57054656 -13.0 -17.7 0.060 4.74E-05 0.176 A cum res 
S6_57054656 -13.0 -17.7 0.061 4.55E-05 0.152 ΦPSII cum res 
S6_57109518 41.8 37.2 0.059 4.06E-05 0.176 A cum res 
S6_57121609 53.9 49.3 0.057 9.09E-05 0.176 E cum res 
dehydrogenase Sb06g028240 6 
57074661-
57079263 
S6_57049108 -25.6 -30.2 0.063 3.02E-05 0.174 A cum res 
S6_57054656 -20.0 -24.6 0.060 4.74E-05 0.176 A cum res 
S6_57054656 -20.0 -24.6 0.061 4.55E-05 0.152 ΦPSII cum res 
S6_57109518 34.9 30.3 0.059 4.06E-05 0.176 A cum res 
S6_57121609 46.9 42.3 0.057 9.09E-05 0.176 E cum res 
S6_57125381 50.7 46.1 0.061 3.06E-05 0.174 A cum res 
S6_57125468 50.8 46.2 0.068 1.01E-05 0.174 A cum res 
S6_57125468 50.8 46.2 0.054 8.62E-05 0.176 E cum res 





S6_57049108 -30.4 -32.9 0.063 3.02E-05 0.174 A cum res 
S6_57054656 -24.8 -27.3 0.060 4.74E-05 0.176 A cum res 
S6_57054656 -24.8 -27.3 0.061 4.55E-05 0.152 ΦPSII cum res 
S6_57109518 30.0 27.5 0.059 4.06E-05 0.176 A cum res 
S6_57121609 42.1 39.6 0.057 9.09E-05 0.176 E cum res 
S6_57125381 45.9 43.4 0.061 3.06E-05 0.174 A cum res 
S6_57125468 46.0 43.5 0.068 1.01E-05 0.174 A cum res 
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expressed protein Sb06g028260 6 
57082112-
57082938 
S6_57049108 -33.0 -33.8 0.063 3.02E-05 0.174 A cum res 
S6_57054656 -27.5 -28.3 0.060 4.74E-05 0.176 A cum res 
S6_57054656 -27.5 -28.3 0.061 4.55E-05 0.152 ΦPSII cum res 
S6_57109518 27.4 26.6 0.059 4.06E-05 0.176 A cum res 
S6_57121609 39.5 38.7 0.057 9.09E-05 0.176 E cum res 
S6_57125381 43.3 42.4 0.061 3.06E-05 0.174 A cum res 
S6_57125468 43.4 42.5 0.068 1.01E-05 0.174 A cum res 






S6_57049108 -35.6 -37.9 0.063 3.02E-05 0.174 A cum res 
S6_57054656 -30.1 -32.4 0.060 4.74E-05 0.176 A cum res 
S6_57054656 -30.1 -32.4 0.061 4.55E-05 0.152 ΦPSII cum res 
S6_57109518 24.8 22.5 0.059 4.06E-05 0.176 A cum res 
S6_57121609 36.9 34.6 0.057 9.09E-05 0.176 E cum res 
S6_57125381 40.6 38.3 0.061 3.06E-05 0.174 A cum res 
S6_57125468 40.7 38.4 0.068 1.01E-05 0.174 A cum res 
S6_57125468 40.7 38.4 0.054 8.62E-05 0.176 E cum res 
QRT3 Sb06g028280 6 
57103323-
57106028 
S6_57054656 -48.7 -51.4 0.060 4.74E-05 0.176 A cum res 
S6_57054656 -48.7 -51.4 0.061 4.55E-05 0.152 ΦPSII cum res 
S6_57109518 6.2 3.5 0.059 4.06E-05 0.176 A cum res 
S6_57121609 18.3 15.6 0.057 9.09E-05 0.176 E cum res 
S6_57125381 22.1 19.4 0.061 3.06E-05 0.174 A cum res 
S6_57125468 22.1 19.4 0.068 1.01E-05 0.174 A cum res 
S6_57125468 22.1 19.4 0.054 8.62E-05 0.176 E cum res 
  Sb06g028290 6 
57109952-
57111055 
S6_57109518 -0.4 -1.5 0.059 4.06E-05 0.176 A cum res 
S6_57121609 11.7 10.6 0.057 9.09E-05 0.176 E cum res 
S6_57125381 15.4 14.3 0.061 3.06E-05 0.174 A cum res 
S6_57125468 15.5 14.4 0.068 1.01E-05 0.174 A cum res 
S6_57125468 15.5 14.4 0.054 8.62E-05 0.176 E cum res 
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S6_57109518 -4.5 -7.9 0.059 4.06E-05 0.176 A cum res 
S6_57121609 7.6 4.1 0.057 9.09E-05 0.176 E cum res 
S6_57125381 11.3 7.9 0.061 3.06E-05 0.174 A cum res 
S6_57125468 11.4 8.0 0.068 1.01E-05 0.174 A cum res 
S6_57125468 11.4 8.0 0.054 8.62E-05 0.176 E cum res 
S6_57159560 45.5 42.1 0.066 3.70E-05 0.176 A cum res 
S6_57159773 45.7 42.3 0.058 4.71E-05 0.176 A cum res 
expressed protein Sb06g028300 6 
57120738-
57121854 
S6_57109518 -11.2 -12.3 0.059 4.06E-05 0.176 A cum res 
S6_57121609 0.9 -0.2 0.057 9.09E-05 0.176 E cum res 
S6_57125381 4.6 3.5 0.061 3.06E-05 0.174 A cum res 
S6_57125468 4.7 3.6 0.068 1.01E-05 0.174 A cum res 
S6_57125468 4.7 3.6 0.054 8.62E-05 0.176 E cum res 
S6_57159560 38.8 37.7 0.066 3.70E-05 0.176 A cum res 
S6_57159773 39.0 37.9 0.058 4.71E-05 0.176 A cum res 
expressed protein Sb06g028310 6 
57123476-
57125844 
S6_57109518 -14.0 -16.3 0.059 4.06E-05 0.176 A cum res 
S6_57121609 -1.9 -4.2 0.057 9.09E-05 0.176 E cum res 
S6_57125381 1.9 -0.5 0.061 3.06E-05 0.174 A cum res 
S6_57125468 2.0 -0.4 0.068 1.01E-05 0.174 A cum res 
S6_57125468 2.0 -0.4 0.054 8.62E-05 0.176 E cum res 
S6_57159560 36.1 33.7 0.066 3.70E-05 0.176 A cum res 
S6_57159773 36.3 33.9 0.058 4.71E-05 0.176 A cum res 
expressed protein Sb06g028320 6 
57127612-
57132643 
S6_57109518 -18.1 -23.1 0.059 4.06E-05 0.176 A cum res 
S6_57121609 -6.0 -11.0 0.057 9.09E-05 0.176 E cum res 
S6_57125381 -2.2 -7.3 0.061 3.06E-05 0.174 A cum res 
S6_57125468 -2.1 -7.2 0.068 1.01E-05 0.174 A cum res 
S6_57125468 -2.1 -7.2 0.054 8.62E-05 0.176 E cum res 
S6_57159560 31.9 26.9 0.066 3.70E-05 0.176 A cum res 













S6_57109518 -23.4 -26.1 0.059 4.06E-05 0.176 A cum res 
S6_57121609 -11.4 -14.0 0.057 9.09E-05 0.176 E cum res 
S6_57125381 -7.6 -10.3 0.061 3.06E-05 0.174 A cum res 
S6_57125468 -7.5 -10.2 0.068 1.01E-05 0.174 A cum res 
S6_57125468 -7.5 -10.2 0.054 8.62E-05 0.176 E cum res 
S6_57159560 26.6 23.9 0.066 3.70E-05 0.176 A cum res 







S6_57109518 -28.0 -32.1 0.059 4.06E-05 0.176 A cum res 
S6_57121609 -15.9 -20.0 0.057 9.09E-05 0.176 E cum res 
S6_57125381 -12.2 -16.2 0.061 3.06E-05 0.174 A cum res 
S6_57125468 -12.1 -16.1 0.068 1.01E-05 0.174 A cum res 
S6_57125468 -12.1 -16.1 0.054 8.62E-05 0.176 E cum res 
S6_57159560 22.0 18.0 0.066 3.70E-05 0.176 A cum res 







S6_57109518 -42.9 -47.3 0.059 4.06E-05 0.176 A cum res 
S6_57121609 -30.8 -35.2 0.057 9.09E-05 0.176 E cum res 
S6_57125381 -27.0 -31.4 0.061 3.06E-05 0.174 A cum res 
S6_57125468 -27.0 -31.3 0.068 1.01E-05 0.174 A cum res 
S6_57125468 -27.0 -31.3 0.054 8.62E-05 0.176 E cum res 
S6_57159560 7.1 2.8 0.066 3.70E-05 0.176 A cum res 







S6_57109518 -49.8 -53.9 0.059 4.06E-05 0.176 A cum res 
S6_57121609 -37.7 -41.8 0.057 9.09E-05 0.176 E cum res 
S6_57125381 -34.0 -38.0 0.061 3.06E-05 0.174 A cum res 
S6_57125468 -33.9 -38.0 0.068 1.01E-05 0.174 A cum res 
S6_57125468 -33.9 -38.0 0.054 8.62E-05 0.176 E cum res 
S6_57159560 0.2 -3.9 0.066 3.70E-05 0.176 A cum res 






S6_57121609 -43.4 -47.9 0.057 9.09E-05 0.176 E cum res 






Supplemental Table S9. (continued) 
    
S6_57125468 -39.6 -44.1 0.068 1.01E-05 0.174 A cum res 
S6_57125468 -39.6 -44.1 0.054 8.62E-05 0.176 E cum res 
S6_57159560 -5.5 -10.0 0.066 3.70E-05 0.176 A cum res 
S6_57159773 -5.3 -9.8 0.058 4.71E-05 0.176 A cum res 
expressed protein Sb06g028390 6 
57185251-
57188302 
S6_57159560 -25.7 -28.7 0.066 3.70E-05 0.176 A cum res 








S6_57159560 -31.1 -34.7 0.066 3.70E-05 0.176 A cum res 










S6_57159560 -35.9 -38.2 0.066 3.70E-05 0.176 A cum res 










S6_57159560 -40.2 -42.5 0.066 3.70E-05 0.176 A cum res 
S6_57159773 -40.0 -42.3 0.058 4.71E-05 0.176 
A 
cum res 
expressed protein Sb06g028430 6 
57203646-
57212948 
S6_57159560 -44.1 -53.4 0.066 3.70E-05 0.176 A cum res 






S7_55198507 46.4 44.9 0.076 4.68E-06 0.190 A cold 
S7_55198507 46.4 44.9 0.072 8.04E-06 0.159 ΦPSII cold 
S7_55198512 46.4 44.9 0.076 4.68E-06 0.190 A cold 
S7_55198512 46.4 44.9 0.072 8.04E-06 0.159 ΦPSII cold 
S7_55202510 50.4 48.9 0.092 3.38E-07 0.041 A cold 
S7_55202510 50.4 48.9 0.069 1.12E-05 0.174 A cum res 
S7_55202510 50.4 48.9 0.082 1.37E-06 0.154 ΦPSII cold 
S7_55202510 50.4 48.9 0.069 1.16E-05 0.152 ΦPSII cum res 
S7_55202510 50.4 48.9 0.068 1.62E-05 0.199 qP cum res 
YGL010w Sb07g021240 7 
55155045-
55156366 
S7_55198507 43.5 42.1 0.076 4.68E-06 0.190 A cold 
S7_55198507 43.5 42.1 0.072 8.04E-06 0.159 ΦPSII cold 
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S7_55198512 43.5 42.1 0.072 8.04E-06 0.159 ΦPSII cold 
S7_55202510 47.5 46.1 0.092 3.38E-07 0.041 A cold 
S7_55202510 47.5 46.1 0.069 1.12E-05 0.174 A cum res 
S7_55202510 47.5 46.1 0.082 1.37E-06 0.154 ΦPSII cold 
S7_55202510 47.5 46.1 0.069 1.16E-05 0.152 ΦPSII cum res 







S7_55198507 12.6 5.4 0.076 4.68E-06 0.190 A cold 
S7_55198507 12.6 5.4 0.072 8.04E-06 0.159 ΦPSII cold 
S7_55198512 12.6 5.4 0.076 4.68E-06 0.190 A cold 
S7_55198512 12.6 5.4 0.072 8.04E-06 0.159 ΦPSII cold 
S7_55202510 16.6 9.4 0.092 3.38E-07 0.041 A cold 
S7_55202510 16.6 9.4 0.069 1.12E-05 0.174 A cum res 
S7_55202510 16.6 9.4 0.082 1.37E-06 0.154 ΦPSII cold 
S7_55202510 16.6 9.4 0.069 1.16E-05 0.152 ΦPSII cum res 
S7_55202510 16.6 9.4 0.068 1.62E-05 0.199 qP cum res 
Light-harvesting 
chlorophyll-protein 





S7_55198507 2.7 1.1 0.076 4.68E-06 0.190 A cold 
S7_55198507 2.7 1.1 0.072 8.04E-06 0.159 ΦPSII cold 
S7_55198512 2.7 1.1 0.076 4.68E-06 0.190 A cold 
S7_55198512 2.7 1.1 0.072 8.04E-06 0.159 ΦPSII cold 
S7_55202510 6.7 5.1 0.092 3.38E-07 0.041 A cold 
S7_55202510 6.7 5.1 0.069 1.12E-05 0.174 A cum res 
S7_55202510 6.7 5.1 0.082 1.37E-06 0.154 ΦPSII cold 
S7_55202510 6.7 5.1 0.069 1.16E-05 0.152 ΦPSII cum res 






S7_55198507 0.4 -7.8 0.076 4.68E-06 0.190 A cold 
S7_55198507 0.4 -7.8 0.072 8.04E-06 0.159 ΦPSII cold 
S7_55198512 0.4 -7.8 0.076 4.68E-06 0.190 A cold 
S7_55198512 0.4 -7.8 0.072 8.04E-06 0.159 ΦPSII cold 
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S7_55202510 4.4 -3.8 0.069 1.12E-05 0.174 A cum res 
S7_55202510 4.4 -3.8 0.082 1.37E-06 0.154 ΦPSII cold 
S7_55202510 4.4 -3.8 0.069 1.16E-05 0.152 ΦPSII cum res 
S7_55202510 4.4 -3.8 0.068 1.62E-05 0.199 qP cum res 
S7_55198507 0.4 -7.8 0.076 4.68E-06 0.190 A cold 
S7_55198507 0.4 -7.8 0.072 8.04E-06 0.159 ΦPSII cold 
S7_55198512 0.4 -7.8 0.076 4.68E-06 0.190 A cold 
S7_55198512 0.4 -7.8 0.072 8.04E-06 0.159 ΦPSII cold 
S7_55202510 4.4 -3.8 0.092 3.38E-07 0.041 A cold 
S7_55202510 4.4 -3.8 0.069 1.12E-05 0.174 A cum res 
S7_55202510 4.4 -3.8 0.082 1.37E-06 0.154 ΦPSII cold 
S7_55202510 4.4 -3.8 0.069 1.16E-05 0.152 ΦPSII cum res 






S7_55198507 -21.2 -24.0 0.076 4.68E-06 0.190 A cold 
S7_55198507 -21.2 -24.0 0.072 8.04E-06 0.159 ΦPSII cold 
S7_55198512 -21.2 -24.0 0.076 4.68E-06 0.190 A cold 
S7_55198512 -21.2 -24.0 0.072 8.04E-06 0.159 ΦPSII cold 
S7_55202510 -17.2 -20.0 0.092 3.38E-07 0.041 A cold 
S7_55202510 -17.2 -20.0 0.069 1.12E-05 0.174 A cum res 
S7_55202510 -17.2 -20.0 0.082 1.37E-06 0.154 ΦPSII cold 
S7_55202510 -17.2 -20.0 0.069 1.16E-05 0.152 ΦPSII cum res 
S7_55202510 -17.2 -20.0 0.068 1.62E-05 0.199 qP cum res 
expressed protein Sb08g004390 8 
5257369-



















Supplemental Table S9. (continued) 












5315860 S8_5297131 -17.4 -18.7 0.067 1.31E-05 0.162 E control 
receptor-like protein 
kinase 2 precursor 
Sb08g004450 8 
5332351-
5333913 S8_5297131 -35.2 -36.8 0.067 1.31E-05 0.162 E control 






S8_5297131 -42.3 -48.2 0.067 1.31E-05 0.162 E control 
OsAPx6 - Stromal 
Ascorbate 
Peroxidase 




S8_6112580 49.9 45.8 0.104 7.93E-07 0.095 A control 
S8_6112580 49.9 45.8 0.088 3.69E-06 0.162 E control 
S8_6112580 49.9 45.8 0.084 6.87E-06 0.155 ΦPSII control 






S8_6112580 45.0 37.8 0.104 7.93E-07 0.095 A control 
S8_6112580 45.0 37.8 0.088 3.69E-06 0.162 E control 
S8_6112580 45.0 37.8 0.084 6.87E-06 0.155 ΦPSII control 







S8_6112580 31.2 26.3 0.104 7.93E-07 0.095 A control 
S8_6112580 31.2 26.3 0.088 3.69E-06 0.162 E control 
S8_6112580 31.2 26.3 0.084 6.87E-06 0.155 ΦPSII control 
S8_6112866 31.5 26.6 0.077 7.51E-05 0.162 E control 





S8_6112580 2.4 1.2 0.104 7.93E-07 0.095 A control 
S8_6112580 2.4 1.2 0.088 3.69E-06 0.162 E control 
S8_6112580 2.4 1.2 0.084 6.87E-06 0.155 ΦPSII control 
S8_6112866 2.7 1.4 0.077 7.51E-05 0.162 E control 
RNA polymerases N 




S8_6112580 0.8 -2.6 0.104 7.93E-07 0.095 A control 
S8_6112580 0.8 -2.6 0.088 3.69E-06 0.162 E control 
S8_6112580 0.8 -2.6 0.084 6.87E-06 0.155 ΦPSII control 














S8_6112580 -41.5 -42.5 0.104 7.93E-07 0.095 A control 
S8_6112580 -41.5 -42.5 0.088 3.69E-06 0.162 E control 
S8_6112580 -41.5 -42.5 0.084 6.87E-06 0.155 ΦPSII control 
S8_6112866 -41.3 -42.2 0.077 7.51E-05 0.162 E control 
expressed protein Sb08g004920 8 
6157839-
6158613 
S8_6112580 -45.3 -46.0 0.104 7.93E-07 0.095 A control 
S8_6112580 -45.3 -46.0 0.088 3.69E-06 0.162 E control 
S8_6112580 -45.3 -46.0 0.084 6.87E-06 0.155 ΦPSII control 






S8_12680072 38.6 37.5 0.057 5.36E-05 0.161 E cold 
S8_12680072 38.6 37.5 0.061 3.50E-05 0.176 E cum res 
S8_12680072 38.6 37.5 0.062 2.85E-05 0.144 gs cum res 
S8_12680073 38.6 37.5 0.057 5.36E-05 0.161 E cold 
S8_12680073 38.6 37.5 0.061 3.50E-05 0.176 E cum res 
S8_12680073 38.6 37.5 0.062 2.85E-05 0.144 gs cum res 
S8_12680135 38.6 37.5 0.060 4.26E-05 0.176 E cum res 






S8_12680072 0.6 -0.3 0.057 5.36E-05 0.161 E cold 
S8_12680072 0.6 -0.3 0.061 3.50E-05 0.176 E cum res 
S8_12680072 0.6 -0.3 0.062 2.85E-05 0.144 gs cum res 
S8_12680073 0.6 -0.3 0.057 5.36E-05 0.161 E cold 
S8_12680073 0.6 -0.3 0.061 3.50E-05 0.176 E cum res 
S8_12680073 0.6 -0.3 0.062 2.85E-05 0.144 gs cum res 
S8_12680135 0.7 -0.3 0.060 4.26E-05 0.176 E cum res 







S8_12840137 -40.8 -61.5 0.064 4.15E-05 0.152 ΦPSII cum res 
S8_12840142 -40.8 -61.5 0.064 4.15E-05 0.152 ΦPSII cum res 
S8_12840634 -40.3 -61.0 0.069 3.75E-05 0.176 E cum res 
S8_12862645 -18.3 -39.0 0.065 4.85E-05 0.176 E cum res 
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S8_12878408 -2.6 -23.2 0.058 7.19E-05 0.176 E cum res 
S8_12878430 -2.5 -23.2 0.056 8.76E-05 0.176 E cum res 
S8_12880781 -0.2 -20.8 0.075 6.34E-06 0.174 A cum res 
S8_12880781 -0.2 -20.8 0.074 6.53E-06 0.176 E cum res 
S8_12880781 -0.2 -20.8 0.068 1.58E-05 0.144 gs cum res 










S8_13516013 -28.7 -57.7 0.067 4.95E-05 0.176 E cum res 
S8_13516013 -28.7 -57.7 0.070 4.56E-05 0.152 ΦPSII cum res 
S8_13516013 -28.7 -57.7 0.070 4.61E-05 0.173 qP ratio C-C 
S8_13516046 -28.6 -57.7 0.067 4.95E-05 0.176 E cum res 
S8_13516046 -28.6 -57.7 0.070 4.56E-05 0.152 ΦPSII cum res 
S8_13516046 -28.6 -57.7 0.070 4.61E-05 0.173 qP ratio C-C 
S8_13573679 29.0 -0.1 0.062 2.87E-05 0.174 A cum res 
S8_13573679 29.0 -0.1 0.061 3.32E-05 0.176 E cum res 
S8_13573679 29.0 -0.1 0.067 1.76E-05 0.152 ΦPSII cum res 






S8_13743462 19.2 18.5 0.065 5.66E-05 0.176 E cum res 
S8_13750158 25.9 25.2 0.068 1.94E-05 0.174 A cum res 
S8_13750158 25.9 25.2 0.067 2.38E-05 0.176 E cum res 
S8_13750158 25.9 25.2 0.074 8.88E-06 0.152 ΦPSII cum res 










S8_13743462 0.3 -2.7 0.065 5.66E-05 0.176 E cum res 
S8_13750158 7.0 4.0 0.068 1.94E-05 0.174 A cum res 
S8_13750158 7.0 4.0 0.067 2.38E-05 0.176 E cum res 
S8_13750158 7.0 4.0 0.074 8.88E-06 0.152 ΦPSII cum res 
S8_13750158 7.0 4.0 0.059 7.04E-05 0.199 qP cum res 
expressed protein Sb08g007690 8 
14246217-
14247229 
S8_14211593 -34.6 -35.6 0.073 3.58E-05 0.176 A cum res 
S8_14211593 -34.6 -35.6 0.068 5.23E-05 0.176 E cum res 
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S8_14230156 -16.1 -17.1 0.075 7.23E-06 0.159 ΦPSII cold 
S8_14230156 -16.1 -17.1 0.069 3.20E-05 0.152 ΦPSII cum res 
S8_14235598 -10.6 -11.6 0.067 2.69E-05 0.174 A cum res 
S8_14235598 -10.6 -11.6 0.068 1.54E-05 0.161 E cold 
S8_14235598 -10.6 -11.6 0.058 6.89E-05 0.176 E cum res 
S8_14235598 -10.6 -11.6 0.063 3.76E-05 0.144 gs cum res 
S8_14235598 -10.6 -11.6 0.083 2.60E-06 0.154 ΦPSII cold 
S8_14235598 -10.6 -11.6 0.089 1.56E-06 0.152 ΦPSII cum res 






S8_14499100 29.6 26.0 0.086 9.05E-06 0.174 A cum res 
S8_14499100 29.6 26.0 0.091 4.52E-06 0.176 E cum res 
S8_14499100 29.6 26.0 0.092 4.90E-06 0.144 gs cum res 
S8_14499100 29.6 26.0 0.076 3.85E-05 0.152 ΦPSII cum res 
osFTL7  FT-Like7 
homologous to 
Flowering Locus T  








S8_15244004 37.0 36.3 0.073 2.37E-05 0.176 E cum res 
S8_15244004 37.0 36.3 0.076 2.50E-05 0.132 gs cold 
S8_15244004 37.0 36.3 0.071 3.29E-05 0.144 
gs 
cum res 
  Sb08g008190 8 
15287435-
15289117 
S8_15244004 -43.4 -45.1 0.073 2.37E-05 0.176 E cum res 
S8_15244004 -43.4 -45.1 0.076 2.50E-05 0.132 gs cold 
S8_15244004 -43.4 -45.1 0.071 3.29E-05 0.144 gs cum res 
S8_15288904 1.5 -0.2 0.070 2.30E-05 0.161 E cold 
S8_15326960 39.5 37.8 0.084 1.90E-06 0.161 E cold 
S8_15326960 39.5 37.8 0.084 2.00E-06 0.132 gs cold 
S8_15326960 39.5 37.8 0.065 2.42E-05 0.144 gs cum res 
  Sb08g008200 8 
15288354-
15288971 
S8_15244004 -44.4 -45.0 0.073 2.37E-05 0.176 E cum res 
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S8_15244004 -44.4 -45.0 0.071 3.29E-05 0.144 gs cum res 
S8_15288904 0.6 -0.1 0.070 2.30E-05 0.161 E cold 
S8_15326960 38.6 38.0 0.084 1.90E-06 0.161 E cold 
S8_15326960 38.6 38.0 0.084 2.00E-06 0.132 gs cold 
S8_15326960 38.6 38.0 0.065 2.42E-05 0.144 gs cum res 
cysteine-rich 
receptor-like protein 




S8_39996123 -0.1 -14.2 0.078 4.01E-05 0.176 A cum res 
S8_39996123 -0.1 -14.2 0.087 1.92E-05 0.152 ΦPSII cum res 






S8_39996123 -14.8 -17.3 0.078 4.01E-05 0.176 A cum res 
S8_39996123 -14.8 -17.3 0.087 1.92E-05 0.152 ΦPSII cum res 








S8_40251965 51.0 48.3 0.069 1.82E-05 0.161 E control 








S8_40251965 24.7 23.2 0.069 1.82E-05 0.161 E control 








S8_41646139 24.2 21.8 0.078 1.95E-05 0.095 gs ratio C-C 
S8_41646157 24.3 21.9 0.078 1.95E-05 0.095 gs ratio C-C 






S8_41697029 2.2 -1.2 0.070 5.08E-05 0.161 E control 
S8_41741843 47.0 43.6 0.063 3.25E-05 0.161 E control 
S8_41741843 47.0 43.6 0.065 2.96E-05 0.132 gs cold 
S8_41697029 2.2 -1.2 0.070 5.08E-05 0.161 E control 
S8_41741843 47.0 43.6 0.063 3.25E-05 0.161 E control 
S8_41741843 47.0 43.6 0.065 2.96E-05 0.132 gs cold 
expressed protein Sb08g015570 8 
41701054-
41703371 
S8_41697029 -4.0 -6.3 0.070 5.08E-05 0.161 E control 
S8_41741843 40.8 38.5 0.063 3.25E-05 0.161 E control 
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glycine-rich RNA-




S8_41697029 -6.7 -9.9 0.070 5.08E-05 0.161 E control 
S8_41741843 38.1 34.9 0.063 3.25E-05 0.161 E control 
S8_41741843 38.1 34.9 0.065 2.96E-05 0.132 gs cold 
cyclin Sb08g015590 8 
41710871-
41715414 
S8_41697029 -13.8 -18.4 0.070 5.08E-05 0.161 E control 
S8_41741843 31.0 26.4 0.063 3.25E-05 0.161 E control 
S8_41741843 31.0 26.4 0.065 2.96E-05 0.132 gs cold 
nitrilase Sb08g015600 8 
41728856-
41738780 
S8_41697029 -31.8 -41.8 0.070 5.08E-05 0.161 E control 
S8_41741843 13.0 3.1 0.063 3.25E-05 0.161 E control 
S8_41741843 13.0 3.1 0.065 2.96E-05 0.132 gs cold 






S8_41697029 -43.9 -45.1 0.070 5.08E-05 0.161 E control 
S8_41741843 0.9 -0.3 0.063 3.25E-05 0.161 E control 
S8_41741843 0.9 -0.3 0.065 2.96E-05 0.132 gs cold 
ZOS12-05 - C2H2 




S8_41741843 -14.5 -18.9 0.063 3.25E-05 0.161 E control 
S8_41741843 -14.5 -18.9 0.065 2.96E-05 0.132 gs cold 
ureide permease Sb08g015630 8 
41760957-
41765372 
S8_41741843 -19.1 -23.5 0.063 3.25E-05 0.161 E control 
S8_41741843 -19.1 -23.5 0.065 2.96E-05 0.132 gs cold 
S8_41741843 -19.1 -23.5 0.063 3.25E-05 0.161 E control 
S8_41741843 -19.1 -23.5 0.065 2.96E-05 0.132 gs cold 
expressed protein Sb08g015640 8 
41818179-
41823709 
S8_41851064 32.9 27.4 0.067 5.07E-05 0.161 E control 
S8_41851064 32.9 27.4 0.075 2.14E-05 0.132 gs cold 
S8_41851065 32.9 27.4 0.067 5.07E-05 0.161 E control 
S8_41851065 32.9 27.4 0.075 2.14E-05 0.132 gs cold 
expressed protein Sb08g015650 8 
41830785-
41833793 
S8_41851064 20.3 17.3 0.067 5.07E-05 0.161 E control 
S8_41851064 20.3 17.3 0.075 2.14E-05 0.132 gs cold 
S8_41851065 20.3 17.3 0.067 5.07E-05 0.161 E control 
S8_41851065 20.3 17.3 0.075 2.14E-05 0.132 gs cold 
ureide permease Sb08g016060 8 
42400363-
42403570 
S8_42372182 -28.2 -31.4 0.070 5.20E-05 0.161 E cold 
S8_42372182 -28.2 -31.4 0.075 3.07E-05 0.132 gs cold 
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S8_42415258 14.9 11.7 0.060 4.44E-05 0.161 E cold 
cytochrome P450 Sb08g016070 8 
42482645-
42484285 
S8_42486812 4.2 2.5 0.076 1.45E-05 0.161 E cold 
S8_42486812 4.2 2.5 0.074 2.61E-05 0.132 gs cold 
S8_42486812 4.2 2.5 0.096 1.25E-06 0.111 E ratio C-C 






S8_42486812 -42.0 -43.0 0.076 1.45E-05 0.161 E cold 
S8_42486812 -42.0 -43.0 0.074 2.61E-05 0.132 gs cold 
S8_42535293 6.5 5.5 0.069 1.66E-05 0.161 E cold 
S8_42535293 6.5 5.5 0.067 2.47E-05 0.132 gs cold 
OsFBDUF23 - F-






S8_42774340 1.2 0.0 0.073 1.91E-05 0.161 E cold 
S8_42774340 1.2 0.0 0.079 1.12E-05 0.132 
gs 
cold 
expressed protein Sb08g016140 8 
42782187-
42783500 
S8_42774340 -7.8 -9.2 0.073 1.91E-05 0.161 E cold 
S8_42774340 -7.8 -9.2 0.079 1.12E-05 0.132 gs cold 
cum res: cumulative response, ratio C-C: ratio control cold 
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S3_9309582 28.4 22.1 0.092 8.1E-05 0.162 E control 
S3_9309593 28.4 22.1 0.092 8.1E-05 0.162 E control 








S1_4620944 0.3 -6.5 0.054 7.8E-05 0.162 E control 
S1_4621008 0.4 -6.5 0.055 1.1E-04 0.162 E control 
S1_4621013 0.4 -6.5 0.055 1.1E-04 0.162 E control 
S1_4621015 0.4 -6.5 0.055 1.1E-04 0.162 E control 
S1_4621030 0.4 -6.4 0.055 1.1E-04 0.162 E control 
S1_4626257 5.6 -1.2 0.075 6.9E-06 0.162 E control 
S1_4626257 5.6 -1.2 0.080 3.3E-06 0.096 gs control 
S1_4626940 6.3 -0.5 0.057 6.3E-05 0.162 E control 








S1_4620944 -40.8 -48.2 0.054 7.8E-05 0.162 E control 
S1_4621008 -40.7 -48.1 0.055 1.1E-04 0.162 E control 
S1_4621013 -40.7 -48.1 0.055 1.1E-04 0.162 E control 
S1_4621015 -40.7 -48.1 0.055 1.1E-04 0.162 E control 
S1_4621030 -40.7 -48.1 0.055 1.1E-04 0.162 E control 
S1_4626257 -35.4 -42.9 0.075 6.9E-06 0.162 E control 
S1_4626257 -35.4 -42.9 0.080 3.3E-06 0.096 gs control 
S1_4626940 -34.8 -42.2 0.057 6.3E-05 0.162 E control 

















S1_4626257 -49.3 -55.8 0.075 6.9E-06 0.162 E control 
S1_4626257 -49.3 -55.8 0.080 3.3E-06 0.096 gs control 
S1_4626940 -48.6 -55.1 0.057 6.3E-05 0.162 E control 





























S6_56955699 3.2 2.1 0.065 2.3E-05 0.199 qP cum res 
S6_56955738 3.3 2.2 0.065 2.3E-05 0.199 qP cum res 
S6_56964983 12.5 11.4 0.066 2.4E-05 0.174 A cum res 








S7_56027901 -0.1 -4.1 0.075 9.4E-06 0.174 A cum res 
S7_56027901 -0.1 -4.1 0.063 4.9E-05 0.176 E cum res 
S7_56027901 -0.1 -4.1 0.066 3.6E-05 0.144 gs cum res 
S7_56027901 -0.1 -4.1 0.068 2.9E-05 0.152 ΦPSII cum res 
S7_56027902 -0.1 -4.1 0.076 7.7E-06 0.174 A cum res 
S7_56027902 -0.1 -4.1 0.058 8.4E-05 0.176 E cum res 

























S9_53966392 7.8 6.6 0.066 3.8E-05 0.161 E cold 







S3_74339803 -31.2 -32.8 0.078 2.4E-05 0.174 A cum res 







S1_66191667 -10.5 -14.4 0.070 1.4E-05 0.107 Fv´/Fm´ control 







































































S1_57017200 50.7 41.5 0.069 2.2E-05 0.109 Fv´/Fm´ control 
S1_57017298 50.8 41.6 0.066 1.8E-05 0.109 Fv´/Fm´ control 
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S1_57017608 51.1 41.9 0.083 1.5E-05 0.107 Fv´/Fm´ control 
S1_57017644 51.1 41.9 0.070 5.5E-05 0.109 Fv´/Fm´ control 






1198779 S8_1230430 32.7 31.7 0.091 4.7E-06 0.107 
Fv´/Fm´ 
control 
  chaperonin Sb01g034530 1 
57992196-
57994911 
S1_58024730 32.5 29.8 0.063 4.2E-05 0.109 Fv´/Fm´ control 








































S3_69973329 -31.0 -32.6 0.086 1.8E-05 0.199 qP cum res 
S3_70002276 -2.1 -3.7 0.090 4.2E-06 0.199 qP cum res 
S3_70023331 19.0 17.4 0.065 6.0E-05 0.199 qP cum res 









































































S1_70779730 50.2 48.2 0.053 9.0E-05 0.176 E cum res 
S1_70779730 50.2 48.2 0.061 2.4E-05 0.132 gs cold 








S9_57231983 2.4 0.0 0.064 3.9E-05 0.161 E cold 
S9_57231983 2.4 0.0 0.071 2.0E-05 0.132 gs cold 
S9_57231983 2.4 0.0 0.064 3.9E-05 0.161 E cold 















05 0.126 qP 
ratio C-
C 




05 0.126 qP 
ratio C-
C 


























































S1_70954318 24.7 22.0 
0.083
12 2.22E-05 0.126 qP 
ratio C-
C 
S1_70954823 25.2 22.5 
0.066












S1_66988736 -38.6 -41.8 0.069 5.9E-05 0.109 Fv´/Fm´ control 
S1_66995316 -32.0 -35.2 0.082 2.6E-05 0.109 Fv´/Fm´ control 
S1_67011818 -15.5 -18.7 0.090 6.9E-05 0.109 Fv´/Fm´ control 







































S9_57231983 -33.5 -34.9 0.064 3.9E-05 0.161 E cold 






























S4_53169136 -33.0 -34.1 0.061 3.2E-05 0.176 E cum res 
S4_53169136 -33.0 -34.1 0.061 3.0E-05 0.144 gs cum res 









S1_67451191 45.8 37.5 0.083 5.2E-05 0.109 Fv´/Fm´ control 
S1_67453496 48.1 39.8 0.056 6.4E-05 0.109 Fv´/Fm´ control 
S1_67453497 48.1 39.8 0.056 6.4E-05 0.109 Fv´/Fm´ control 



















































S3_7056966 -40.3 -41.1 0.073 7.8E-06 0.192 qP cold 
S3_7062579 -34.7 -35.5 0.066 1.6E-05 0.192 qP cold 
S3_7063280 -34.0 -34.8 0.068 2.9E-05 0.192 qP cold 
S3_7063281 -34.0 -34.8 0.068 1.8E-05 0.192 qP cold 
S3_7070659 -26.7 -27.4 0.096 9.9E-06 0.192 qP cold 


























S3_7070659 -45.1 -45.9 0.096 9.9E-06 0.192 qP cold 
S3_7163399 47.6 46.9 0.071 8.1E-06 0.192 qP cold 














S3_7070659 -48.9 -49.6 0.096 9.9E-06 0.192 qP cold 
S3_7163399 43.8 43.1 0.071 8.1E-06 0.192 qP cold 









S3_7163399 31.8 30.9 0.071 8.1E-06 0.192 qP cold 
S3_7168773 37.1 36.3 0.076 3.1E-05 0.192 qP cold 














S3_7163399 25.1 24.1 0.071 8.1E-06 0.192 qP cold 
S3_7168773 30.5 29.5 0.076 3.1E-05 0.192 qP cold 














S3_7163399 11.2 10.7 0.071 8.1E-06 0.192 qP cold 
S3_7168773 16.5 16.1 0.076 3.1E-05 0.192 qP cold 












S6_57009843 -35.8 -40.2 0.068 1.9E-05 0.161 E cold 
S6_57009843 -35.8 -40.2 0.069 1.7E-05 0.176 E cum res 
S6_57009843 -35.8 -40.2 0.078 5.5E-06 0.144 gs cum res 
S6_57009859 -35.8 -40.2 0.068 1.9E-05 0.161 E cold 
S6_57009859 -35.8 -40.2 0.069 1.7E-05 0.176 E cum res 
S6_57009859 -35.8 -40.2 0.078 5.5E-06 0.144 gs cum res 
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S6_57009965 -35.7 -40.1 0.066 2.9E-05 0.144 gs cum res 
S6_57009972 -35.6 -40.1 0.061 5.2E-05 0.176 E cum res 
S6_57009972 -35.6 -40.1 0.066 2.9E-05 0.144 gs cum res 
S6_57015199 -30.4 -34.9 0.066 1.9E-05 0.174 A cum res 
S6_57015199 -30.4 -34.9 0.060 4.7E-05 0.176 E cum res 
S6_57015320 -30.3 -34.7 0.100 2.0E-05 0.174 A cum res 
S6_57015320 -30.3 -34.7 0.089 6.2E-05 0.176 E cum res 
S6_57049108 3.5 -1.0 0.063 3.0E-05 0.174 A cum res 
S6_57054656 9.0 4.6 0.060 4.7E-05 0.176 A cum res 
S6_57054656 9.0 4.6 0.061 4.5E-05 0.152 ΦPSII cum res 
LHCA
2 





















S6_60840346 30.7 29.8 0.060 
2.81E-




































S1_4620944 52.1 48.6 0.054 7.8E-05 0.162 E control 
S1_4621008 52.2 48.6 0.055 1.1E-04 0.162 E control 
S1_4621013 52.2 48.7 0.055 1.1E-04 0.162 E control 
S1_4621015 52.2 48.7 0.055 1.1E-04 0.162 E control 












S1_67451191 -14.5 -18.4 0.083 5.2E-05 0.109 Fv´/Fm´ control 
S1_67453496 -12.2 -16.1 0.056 6.4E-05 0.109 Fv´/Fm´ control 
S1_67453497 -12.2 -16.1 0.056 6.4E-05 0.109 Fv´/Fm´ control 






















S1_3554112 15.6 12.3 0.074 1.4E-05 0.162 E control 
S1_3554112 15.6 12.3 0.089 2.2E-06 0.087 gs control 
S1_3554131 15.7 12.3 0.074 1.4E-05 0.162 E control 
S1_3554131 15.7 12.3 0.089 2.2E-06 0.087 gs control 
S1_3554165 15.7 12.4 0.074 1.4E-05 0.162 E control 
































S3_2990775 -15.7 -16.0 0.061 4.5E-05 0.161 E cold 





























































































































S8_866304 -27.5 -46.8 0.072 1.7E-05 0.107 Fv´/Fm´ control 
S8_867068 -26.8 -46.1 0.086 6.1E-05 0.109 Fv´/Fm´ control 
S8_878350 -15.5 -34.8 0.088 2.2E-05 0.109 Fv´/Fm´ control 
S8_878350 -15.5 -34.8 0.093 4.6E-06 0.155 ΦPSII control 
S8_878351 -15.5 -34.8 0.088 2.2E-05 0.109 Fv´/Fm´ control 
S8_878351 -15.5 -34.8 0.093 4.6E-06 0.155 ΦPSII control 







S8_878350 -43.9 -45.6 0.088 2.2E-05 0.109 Fv´/Fm´ control 
S8_878350 -43.9 -45.6 0.093 4.6E-06 0.155 ΦPSII control 
S8_878351 -43.9 -45.6 0.088 2.2E-05 0.109 Fv´/Fm´ control 
S8_878351 -43.9 -45.6 0.093 4.6E-06 0.155 ΦPSII control 







S9_50384111 -20.6 -21.9 0.082 7.5E-06 0.192 qP cold 







S9_50384111 -25.6 -26.9 0.082 7.5E-06 0.192 qP cold 


























S9_50384111 -30.4 -31.8 0.082 7.5E-06 0.192 qP cold 







S9_50384111 -41.7 -43.5 0.082 7.5E-06 0.192 qP cold 





















S8_6842557 -13.3 -14.3 0.088 2.2E-05 0.152 ΦPSII cum res 




















S8_52496099 45.5 42.7 0.067 2.3E-05 0.109 Fv´/Fm´ control 
















S1_58024730 4.3 -0.7 0.063 4.2E-05 0.109 Fv´/Fm´ control 
S1_58044332 23.9 18.9 0.063 7.3E-05 0.109 Fv´/Fm´ control 
PsbP 
photosystem 
II subunit P-1 
Sb02g002690 2 
2829195-








S2_2842517 7.8 5.9 0.069 2.8E-05 0.199 qP cum res 
TRX  thioredoxin Sb03g004670 3 
4975991-
4978306 
S3_5021134 45.1 42.8 0.065 1.1E-04 0.162 E control 
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TRX  thioredoxin Sb03g046830 3 
73846498-
73848577 S3_73857631 11.1 9.1 0.082 4.4E-05 0.152 
ΦPSII 
cum res 
TRX  thioredoxin Sb04g023500 4 
53189535-
53191190 
S4_53169136 -20.4 -22.1 0.061 3.2E-05 0.176 E cum res 
S4_53169136 -20.4 -22.1 0.061 3.0E-05 0.144 gs cum res 
S4_53169136 -20.4 -22.1 0.059 4.2E-05 0.152 ΦPSII cum res 
TRX  thioredoxin Sb06g029490 6 
58107348-
58109038 S6_58105559 -1.8 -3.5 0.068 3.3E-05 0.109 
Fv´/Fm´ 
control 
TRX  thioredoxin Sb08g005260 8 
6826999-










S6_52586261 1.8 -2.1 0.060 7.9E-05 0.176 E cum res 
S6_52586275 1.8 -2.1 0.060 7.9E-05 0.176 E cum res 
S6_52586301 1.8 -2.1 0.060 7.9E-05 0.176 E cum res 







S5_52959807 2.4 -0.2 0.060 4.5E-05 0.199 qP cum res 
S5_52959807 2.4 -0.2 0.075 
4.40E-
06 0.086 qP 
ratio C-
C 
S5_52959810 2.4 -0.2 0.064 
1.93E-











S3_5021134 -20.9 -21.6 0.065 1.1E-04 0.162 E control 



































S3_70286543 -21.2 -24.3 0.074 3.1E-05 0.161 E cold 
S3_70286543 -21.2 -24.3 0.077 2.6E-05 0.132 gs cold 
S3_70286543 -21.2 -24.3 0.074 3.1E-05 0.161 E cold 






47640639 S6_47621281 -12.9 -19.4 0.140 1.3E-07 0.016 
Fv/Fm 
recovery 
cum res: cumulative response, ratio C-C: ratio control cold 


















Supplemental table S11. Identification of gas exchange and photoprotection a priori candidate genes in sorghum and the corresponding SNP markers localized 







gene ID (Model species) Blast Identity Marker ID 
APE1 acclimation of photosynthesis 
to environment 
Sb07g015170 37950430 - 
37954729 
AT5G38660 62% S7_37948459 
OS08T0359000 80% S7_37949872 
GRMZM2G099367 95% S7_37951794 
    S7_37954090 
CCD1 carotenoid cleavage 
dioxygenase 1 
Sb01g047540 70638155 - 
70645194 
AT3G63520 77% S1_70644064 
OS12G0640600 89% S1_70646098 
GRMZM2G057243 96% S1_70648315 
    S1_70648341 
CCD7 carotenoid cleavage 
dioxygenase 7  
Sb06g024560 53677260 - 
53679729 
AT2G44990 50% S6_53677478 
OS04T0550600 74% S6_53677484 





    S6_53678974 
CHY1 Beta-carotene 3-hydroxylase 
1 
Sb01g048860 71836409 - 
71838388 
AT4G25700 65% S1_71838629 
AT5G52570 65% S1_71838659 
OS10G0533500 78% S1_71838695 
GRMZM5G826824 58%  
GRMZM2G382534 89%   
CP29 RNA-binding protein 
CP29A/B 
Sb02g040260 74254800 - 
74256992 
AT3G53460 59% S2_74252150 
AT2G37220 59% S2_74255215 
OS07G0631900 80% S2_74255701 
GRMZM2G158835 94%  







Supplemental Table S11. (continued) 
CRR6 chlororespiratory reduction 6 Sb02g024420 58725697 - 
58728694 
AT2G47910 53% S2_58725895 
OS08G0167500 68% S2_58726073 
GRMZM2G106164 86% S2_58727197 
CRTISO Prolycopene isomerase Sb05g022240 53890624 - 
53895353 
AT1G06820 75% S5_53891248 
OS11T0572700 75% S5_53891333 







    S5_53895485 
CRTRE  Carotene epsilon-
monooxygenase 
Sb01g030050 52253532 - 
52257527 
AT3G53130 71% S1_52248785 
OS10G0546600 84% S1_52248786 









    S1_52258392 
DXR 1-deoxy-D-xylulose 5-
phosphate reductoisomerase 
Sb03g008650 9281158 - 
9287496 
AT5G62790 83% S3_9281923 
OS01G0106900 92% S3_9285167 
GRMZM2G036290 93% S3_9287225 







    S3_9289054 
DXS 1-deoxy-D-xylulose 5-
phosphate synthase 
Sb02g005380 6284432 - 
6287006  
AT4G15560 74% S2_6279496 
OS07G0190000 86% S2_6279497 
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    S2_6286322 
DXS 1-deoxy-D-xylulose-5-
phosphate synthase 
Sb09g020140 49263092 - 
49266910 
AT4G15560 79% S9_49261636 
AT3G21500 66% S9_49261711 
OS05T0408900 89% S9_49262229 













    S9_49271162 
DXS 1-deoxy-D-xylulose 5-
phosphate synthase 3 
Sb10g002960 2574825 - 
2579870 
AT5G11380 58% S10_2571769 
OS06T0142900 29% S10_2571989 
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    S10_2579372 
FNR Ferredoxin--NADP reductase Sb03g046340 73473722 - 
73476708 
AT1G20020 72% S3_73473327 
AT5G66190 76% S3_73473341 
OS02T0103800 79% S3_73474122 







   S3_73478230 
FNR1/2 Ferredoxin--NADP reductase Sb10g000720 451181 - 
453666 
AT1G20020 76% S10_448274 
AT5G66190 75% S10_448275 
OS06T0107700 83% S10_448973 
GRMZM2G395728 48% S10_449072 
GRMZM2G320305 34% S10_456984 
GRMZM2G168143 91% S10_457206 






Sb06g019360 48906513 - 
48916606 
AT3G02450 53% S6_48905545 
OS04T0466100 28% S6_48906588 









Supplemental Table S11. (continued) 











      
FTSH1/5 ATP-dependent zinc 
metalloprotease FTSH 1/5 
Sb10g030720 60345409 - 
60349332 
AT5G42270 78% S10_60344724 
AT1G50250 77% S10_60344774 
OS06T0725900 87% S10_60346139 









    S10_60351890 
FTSH11 ATP-dependent zinc 
metalloprotease FTSH 11 
Sb03g028120 55892797 - 
55900180 
AT5G53170 71% S3_55888498 
OS01G0618800 38% S3_55889228 
GRMZM2G156069 94% S3_55891745 
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       S3_55905117 
FTSH3 ATP-dependent zinc 
metalloprotease FTSH 3 
Sb09g022490 52153529 - 
52158644 
AT2G29080 71% S9_52151064 
OS05T0458400 88% S9_52154746 
GRMZM2G038401 95% S9_52156357 
    S9_52157218 
FTSH4 ATP-dependent zinc 
metalloprotease FTSH 4 
Sb03g025820 51938520 - 
51945133 
AT2G26140 75% S3_51940793 
OS01G0574500 89% S3_51940901 
GRMZM2G463032 96% S3_51941107 



































    S3_51948446 
FTSH4 ATP-dependent zinc 
metalloprotease FTSH 4 
Sb09g030660 59209551 - 
59213938 
AT2G26140 67% S9_59210016 
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   S9_59211899 
FTSH6 ATP-dependent zinc 
metalloprotease FTSH 6 
Sb10g008130 8170417 - 
8172999 
AT5G15250 70% S10_8171106 
OS06T0229066 61% S10_8171635 
GRMZM2G048836 94% S10_8171741 
FTSH8 ATP-dependent zinc 
metalloprotease FTSH 8 
Sb10g026830 56260432 - 
56264698 
AT1G06430 84% S10_56258984 
OS06T0669400 96% S10_56264632 
GRMZM2G087598 99% S10_56265746 
  
S10_56266217 
    S10_56269195 
FTSH9 ATP-dependent zinc 
metalloprotease FTSH 9 
Sb04g033360 63253772 - 
63260258 
AT5G58870 64% S4_63249332 
OS02T0649700 91% S4_63252033 
GRMZM2G163193 95% S4_63252052 
  
S4_63254265 
    S4_63255628 
GUN2/HO Heme oxygenase Sb10g023510 52141647 - 
52145941 
AT2G26670 55% S10_52137893 
AT1G69720 55% S10_52138256 
AT1G58300 46% S10_52139768 
OS06T0603000 76% S10_52140579 
GRMZM2G043277 88% S10_52140615 
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GUN3/HY2 Phytochromobilin:ferredoxin 
oxidoreductase 
Sb03g045760 73033350 - 
73036532 
   S3_73034309 
AT3G09150 53% S3_73034497 
OS01T0949400 76% S3_73035800 
GRMZM5G861678 88% S3_73036099 
    S3_73036340 
GUN4 Tetrapyrrole-binding protein Sb08g003300 3647507 - 
3648701 
AT3G59400 45% S8_3643783 
OS11T0267000 73% S8_3647863 
GRMZM2G464328 79% S8_3647914 
GUN5 Magnesium-chelatase subunit 
ChlH 
Sb06g032740 60839090 - 
60844506 
AT5G13630 83% S6_60840346 
OS07T0656500 45% S6_60846772 
GRMZM2G323024 98% S6_60846820 











    S6_60847799 
HDR 4-hydroxy-3-methylbut-2-enyl 
diphosphate reductase 
Sb01g009140 7893910 - 
7897658 
AT4G34350 78% S1_7890879 
OS03G0731900 90% S1_7893625 
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    S1_7899800 
HYD1 Beta-carotene 3-hydroxylase 
1 
Sb06g026190 55222412 - 
55224582 
AT4G25700 58% S6_55217763 
OS04T0578400 82% S6_55221463 
GRMZM2G164318 91% S6_55221542 











    S6_55227930 
LCY1 Lycopene beta cyclase Sb04g006120 6052606 - 
6054084 
AT3G10230 68% S4_6058124 
OS02T0190600 85% S4_6058151 
GRMZM5G849107 92% S4_6058254 
LCYE Lycopene epsilon cyclase Sb03g026020 52309129 - 
52313359 
AT5G57030 64% S3_52304288 













   S3_52315582 
LHCA3 photosystem I light 
harvesting complex gene 3 
Sb10g023930 52700092 - 
52701651 
AT1G61520 82% S10_52700128 
OS02T0197600 81% S10_52700577 
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S10_52705262 
    S10_52705311 
LHCB Chlorophyll a-b binding 
protein  
Sb02g032040 66789461 - 
66790709 
AT1G29910 88% S2_66786514 
AT2G34420 89% S2_66788690 
AT1G29930 88% S2_66789476 
AT2G34430 88% S2_66789535 
AT1G29920 88% S2_66789669 
AC207722.2_FG009 98%  
AT1G29910 93%  
AT2G34420 94%  
AT1G29930 93%  
AT2G34430 94%  
AT1G29920 93%  
AC207722_FGP009 98%   
LHCB Chlorophyll a-b binding 
protein 
Sb03g027030 54201285 - 
54202631 
AT2G34420 86% S3_54201144 
AT1G29930 86% S3_54201150 
AT2G34430 86% S3_54201282 
AT1G29910 86% S3_54201302 
AT1G29920 86% S3_54201328 
OS01G0720500 93%  
OS01G0600900 94%  
OS09G0346500 92%  
GRMZM2G351977 97%   
Sb03g027040 54239475 - 
54240541 
AT2G34420 87% S3_54239297 
AT1G29930 86% S3_54239492 
AT2G34430 87% S3_54240667 
AT1G29920 86% S3_54241971 
AT1G29910 86% S3_54244841 







Supplemental Table S11. (continued) 
    
OS01G0720500 94% S3_54244986 
OS01G0600900 94% S3_54245015 
GRMZM2G351977 97% S3_54245019 
    S3_54245363 
LHCB1/2 Chlorophyll a-b binding 
protein 1/photosystem II light 
harvesting complex gene 
B1B2 
Sb09g028720 57560635 - 
57561977 
AT1G29910 88% S9_57561138 
GRMZM2G155216 98%  
AT2G34420 89%  
AT1G29930 88%  
AT2G34430 87%  
AT1G29920 88%   
LHCB2 photosystem II light 
harvesting complex gene 2.1 
Sb01g015400 14902224 - 
14903466 
AT2G05100 85% S1_14899450 
AT3G27690 85% S1_14899502 
AT2G05070 84% S1_14904019 
OS03G0592500 95% S1_14905257 
GRMZM2G018627_P02 98%  
GRMZM2G414192 98%  
GRMZM2G105518 45%   
LHCB3 light-harvesting chlorophyll 
B-binding protein 3 
Sb02g036380 70791099 - 
70792376 
AT5G54270 87% S2_70790730 
OS07G0562700 91% S2_70790987 
GRMZM2G057281 99% S2_70791075 
LHCB5 Chlorophyll a-b binding 
protein CP26 
Sb05g007070 12425470 - 
12427623 
AT4G10340 78% S5_12426764 
OS11T0242800 92% S5_12426768 



















Supplemental Table S11. (continued) 
        S5_12429941 
LHCB6 light harvesting complex 
photosystem II subunit 6 
Sb06g032690 60809627 - 
60810528 
AT1G15820 77% S6_60810093 
OS04T0457000 90%  
GRMZM2G039996 93%  
GRMZM2G092427 90%  
AC194734_FGP004 29%   
LHCI Photosystem I light 
harvesting complex gene 1 
Sb04g004770 4584994 - 
4586263 
AT3G54890 75% S4_4582469 
OS06T0320500 92% S4_4584885 
GRMZM2G092311 95% S4_4585009 
GRMZM2G036880 93% S4_4585018 
  
S4_4585021 
    S4_4585022 
NCED 9-cis-epoxycarotenoid 
dioxygenase NCED 
Sb02g003230 3685726 - 
3687446 
AT1G78390 61% S2_3686780 
AT3G14440 60% S2_3686792 
AT1G30100 60% S2_3686970 
AT4G18350 57% S2_3686971 
OS07G0154100 80%  
GRMZM2G330848 50%  
GRMZM2G417954 93%  
GRMZM2G408158 92%   
NDF2/NDH45 Photosynthetic NDH subunit 
of subcomplex B 2 
Sb01g046560 69738350 - 
69739626 
AT1G64770 40% S1_69734070 
OS03G0158300 78% S1_69738474 
GRMZM2G075958 85% S1_69739616 
GRMZM2G034243 85% S1_69744538 
NDF2/NDH45 Photosynthetic NDH subunit 
of subcomplex B 4 
Sb06g018500 48103165 - 
48104936 
AT1G18730 42% S6_48099768 
OS02T0744000 70% S6_48104700 
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NDHL NAD(P)H-quinone 
oxidoreductase subunit L 
Sb02g024470 58862839 - 
58865459 
AT1G70760 34% S2_58865273 
OS05G0348100 38% S2_58865311 











    S2_58867973 
NDHM NAD(P)H-quinone 
oxidoreductase subunit M 
Sb06g023900 52934467 - 
52935487 
AT4G37925 45% S6_52930656 
OS04T0539000 69% S6_52930694 













    S6_52937937 
ndhN NAD(P)H-quinone 
oxidoreductase subunit N 
Sb03g041820 69290635 - 
69291559 
AT5G58260 60% S3_69290952 
OS01G0882500 79% S3_69291030 
GRMZM2G110277 88%   
ndhO NAD(P)H-quinone 
oxidoreductase subunit O 
Sb03g046510 73614184 - 
73616101 
AT1G74880 56% S3_73615565 
OS01T0959900 74% S3_73615566 







Supplemental Table S11. (continued) 
PDS 15-cis-phytoene desaturase Sb06g030030 58467047 - 
58472660 
AT4G14210 78% S6_58462163 
OS03T0184000 91% S6_58474846 
GRMZM2G410515 97% S6_58475319 
    S6_58475595 
PETC Cytochrome b6-f complex 
iron-sulfur subunit 
Sb09g020820 50250408 - 
50251968 
AT4G03280 69% S9_50251629 
OS07T0556200 83% S9_50251985 
GRMZM2G038365 96% S9_50252060 

















    S9_50253838 
PGR5 Protein proton gradient 
regulation 5 
Sb07g023470 58389237 - 
58389825 
AT2G05620 62% S7_58386127 
OS08T0566600 78% S7_58386130 
GRMZM2G121494 90% S7_58386202 
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    S7_58393698 
PHOT2 Phototropin-2 Sb07g014860 36454094 - 
36467376 
AT5G58140 64% S7_36467044 
OS04T0304200 71% S7_36467078 









    S7_36471664 
PIF3 phytochrome interacting 
factor 3 
Sb01g013843 12946309 - 
12953676 
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    S1_12954374 
PIF3 Putative HLH DNA-binding 
domain superfamily protein 
Sb06g028750 57494696 - 
57495877 
OS04T0618600 83% S6_57492084 
GRMZM2G042920 88% S6_57492085 



































    S6_57500803 
PIF4/PIF5 phytochrome interacting 
factor 4/5 
Sb01g006190 5228081 - 
5231041 
AT2G43010 29% S1_5233536 
OS03G0782500 65%  







Supplemental Table S11. (continued) 
    GRMZM2G065374 86%   
PIF4/PIF5 Phytochrome interacting 
factor 4/5 
Sb02g002760 2873293 - 
2875250 
AT3G59060 26% S2_2873515 
AT2G43010 25% S2_2875739 
OS07G0143200 45% S2_2875762 
 
 S2_2876384 
    S2_2879152 
PIF6/PIL1 Transcription factor PIL1  Sb09g003090 3387511 - 
3389459 
AT2G46970 17% S9_3386171 
AT3G62090 15% S9_3386381 
OS05T0139100 51% S9_3387120 





























    S9_3392446 
PSBS Photosystem II 22 kDa 
protein 
Sb03g041100 68642086 - 
68644480  
AT1G44575 70% S3_68639975 
OS01G0869800 79% S3_68644948 









Supplemental Table S11. (continued) 
PSY1 Phytoene synthase Sb10g031020 60688676 - 
60692539 
AT5G17230 64% S10_60688320 
OS06T0729000 74% S10_60692078 
GRMZM2G300348 68% S10_60692155 
PSY3 Chloroplast phytoene 
synthase 
Sb02g032370 67116563 - 
67119890 
OS09G0555500 67% S2_67119302 
AT5G54270 87% S2_67122317 
OS07G0562700 91% S2_67122323 
GRMZM2G057281 99% S2_67122444 
PTOX Ubiquinol oxidase 4 Sb06g032180 60415353 - 
60418246 
AT4G22260 53% S6_60417149 
OS04T0668900 71% S6_60417681 
GRMZM2G102349 82%  
OS03T0847500 20%  
AT4G22260 54%  
OS04T0668900 70%  
GRMZM2G010555 68%  
OS03T0847500 16%   
SDG8 histone methyltransferases Sb04g022620 52175200 - 
52187357 
AT1G77300 23% S4_52173418 











    S4_52191423 
VDE1 Violaxanthin de-epoxidase Sb06g012950 35658028 - 
35664504 
AT1G08550 65% S6_35653483 
OS04T0379700 47% S6_35654032 
GRMZM2G027219 93% S6_35654703 
    S6_35660892 
ZDS Zeta-carotene desaturase Sb02g006100 7390504 - 
7395629 
AT3G04870 76% S2_7386485 
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    GRMZM2G454952 96% S2_7393539 
    S2_7397569 
ZEP Zeaxanthin epoxidase Sb06g018220 47634224 - 
47640639 
AT5G67030 61% S6_47631906 
OS04T0448950 13% S6_47634821 
GRMZM2G379053 12% S6_47636931 

















    S6_47645517 
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Abstract 
The development of high-yielding crops with drought tolerance is necessary to increase 
food, feed, fiber and fuel production. Methods that create similar environmental conditions for a 
large number of genotypes are essential to investigate plant responses to drought in gene 
discovery studies. Modern facilities that control water availability for each plant remain 
inaccessible to the academic research community due to their high cost. We have developed an 
alternative low-cost automated irrigation system that could be scaled up for a high-throughput 
and controlled dry-down treatment of plants. This system was tested in sorghum using two 
experiments. First, four genotypes were subjected to ten days of dry-down to achieve three final 
Volumetric Water Content (VWC) levels: drought (10 and 20 %) and control (30%).  The final 
average VWC was 11.1, 22, and 31%, respectively, and significant differences in biomass 
accumulation were observed between control and drought treatments. Second, 42 diverse 
sorghum genotypes were subjected to a seven-day dry-down treatment for a final drought stress 
of 15% VWC. The final average VWC was 17.5%, and plants presented significant differences 
in photosynthetic rate during the drought period.  These results demonstrate that our new 




compare their phenotypic responses to drought, and can be scaled up for high-throughput 
phenotyping studies.   
Introduction 
In recent years, advances in genotyping through next generation sequencing techniques 
have facilitated the generation of genetic marker information at large scale and decreasing costs 
(Mardis, 2008; Goodwin et al., 2016). Therefore, plant genotyping is no longer the largest 
constraint in genetic studies. On the contrary, high-throughput phenotyping, i.e. the measurement 
of quantitative/qualitative traits in a large number of plants, requires intense resource allocation 
and faces multiple technical challenges (Finkel, 2009).  
Drought is one of the most important abiotic stresses that reduces crop yields in dryland 
agriculture. The response of plants to limited water conditions can be studied at different scales, 
i.e. molecule, cell, tissue, plant, plots or replicable fields, which requires a suitable control of the 
stress duration and intensity (Tuberosa, 2012; Großkinsky et al., 2015). There is a need to 
generate reproducible and homogeneous conditions in soil water content or evaporative demand, 
to successfully discover genes/genomic regions related to stress response (Collins et al., 2008). 
Numerous genetic, genomic and proteomic studies characterizing plant responses to 
drought fail to implement an appropriate phenotyping method to ensure a fair comparison among 
genotypes (Blum, 2011). Studies investigating changes in gene expression or protein 
concentration are frequently performed after irrigation is withdrawn from plants (Wilkins et al., 
2010; Wang et al., 2011). One of the major problems of this approach relies on the variable 
growth and water consumption rates frequently observed among a diverse set of genotypes, and 
thus, at any given time during the drought treatment, soil water content can be different between 
the lines/cultivars under investigation. This can lead to confounded effects between levels of 




have been developed with state of the art technologies that can control stress conditions at the 
individual plant level, e.g.  PHENOPSIS (Granier et al., 2006), and the Plant Accelerator (Finkel, 
2009). Yet, the high cost of these facilities is a constraint that prevents their adoption by 
academic research communities. The development of reliable and low-cost irrigation systems 
that could be scaled to achieve high-throughput needed for large genetic-genomic studies would 
benefit many plant research communities and advance plant science especially in the sub-
disciplines of breeding and physiology. 
Sensor control systems offer methods for precision control of climatic and cultural 
practices such as irrigation in research, but can be cost prohibitive (Blonquist et al., 2005; 
Miralles-Crespo and van Iersel, 2011).  
Recently, the cost of sensors has declined partly due to the development of new 
technological alternatives of high precision analogs such as capacitance sensors (Jones, 2004; 
Blonquist et al., 2005). These technological advances have made accurate monitoring methods 
more affordable for the scientific community. Capacitance and resistive sensors are low cost and 
based on similar concepts, since they both measure the electrical conductivity across two 
electrodes (Freeland, 1989; Blonquist et al., 2005). Even though resistive sensors provide the 
highest cost savings, they are considered more qualitative than quantitative sensors because their 
moisture measurements are less reliable (Freeland, 1989). Resistive sensors excite the probe with 
a voltage and measure the direct drop of conductivity across electrodes. While this provides a 
simple measure of substrate electrical conductivity, changes in salinity might introduce errors, 
reducing accuracy and repeatability. Capacitance or dielectric sensors create an oscillating 
excitation of the probe electrodes, shifting charges through the substrate and, when sensors and 




salinity, temperature, and moisture (Atkins et. al, 1998; Freeland 1989; Srinivasa Ravi et. al, 
2011). Therefore, substrate moisture sensors are available in many affordable versions, but the 
final price of these sensors are intrinsically tied to its mechanism of measurement and overall 
precision (Freeland, 1989; Blonquist et al., 2005). 
Additionally, the introduction of low-cost controllers (Ferrarezi et al., 2015), and diverse 
systems for automation and monitoring (Nemali and van Iersel, 2006; Debnath et al., 2016; 
Mohanraj et al., 2016) have facilitated the adoption of automation and data loggers by a broader 
group of researchers. Therefore, alternative high-resolution data loggers are available today for 
the precision control of automation and turnkey readiness of research projects. Additionally, the 
use of sensors with high built-in resolution and/or embedded chips (Srinivasa Ravi et al, 2011; 
Wu and Liu, 2012), and an increase in “do-it-yourself” (DIY) electronics (Devika et al, 2014; 
Ferrarezi et al, 2015) have provided opportunities to utilize more affordable electronics to work 
in tandem or standalone replacement to traditional automation systems. 
Our objectives in this study were to: i) leverage novel technologies in sensors and low-
cost controllers to develop a modular irrigation system that could be scaled up for high-
throughput plant phenotyping; ii) develop an automated irrigation system that allows a controlled 
dry-down and ensures a similar stress condition in all plants, maintaining a target Volumetric 
Water Content (VWC) for each plant independently; and iii) test the reliability of the system in a 
diverse set of sorghum plants with variable sizes and photosynthetic rates.  
Materials and Methods 
Growth Conditions 
Experiment 1: controlled dry-down and final VWC  
Four sorghum accessions were exposed to drought stress:  PI533882, PI533996, 




and photosynthetic rate under both optimal and cold temperature conditions, as previously 
reported (Ortiz et al., 2017). Plants were grown in seedling trays in a greenhouse with 
temperature conditions of 28°C day / 24°C night and a photoperiod of 16 h of supplemental light. 
After two weeks, twelve plantlets per accession were transferred to 6 L pots with Metro Mix 900 
soilless substrate (Sun Gro Horticulture). The same amount of substrate was placed in each pot 
(5.5 L) to ensure the same water holding capacity. Plants were subsequently moved to a growth 
chamber (Percival, model PGW36T, capacity 11.28 m3) and adapted to high light conditions 
during the following two weeks, from 450 to 1000 μmol photons m-2 s-1 photosynthetically active 
radiation (PAR).  Every day, light conditions were sequentially increased from 5 am to 8 am and 
decreased from 5 pm to 8 pm to simulate sunrise and sunset, respectively. Plants were fertilized 
manually as needed with Peters Excel Cal-Mag Fertilizer (15-5-15).  
Thirty one days after planting, plants were subjected to three water treatments based on a 
target final VWC: 10%, 20% and 30%. Within each treatment, a VWC threshold was established 
per day such that the soil water content would decrease at a similar rate in all pots and all 
genotypes to reach the target VWC over a ten-day period.  
Experiment 2: Scaling the irrigation system 
A total of 42 accessions were grown in conditions similar to the previously described 
experiment with two plants per genotype placed in two growth chambers. After adaptation to 
high light conditions, 33-day-old plants were subjected to the following water treatments: 1) 
three days at control VWC (30%); 2) seven days of controlled soil dry-down, and 3) three days at 
drought conditions (VWC=15%). Based on preliminary results, 15% VWC was an adequate final 
VWC to maximize the variation in photosynthetic response to drought and all plants reached this 




days (saturation) to ensure that VWC was above 30% in all cases, and the irrigation system was 
used during the controlled dry-down and drought periods.  
Biomass and Photosynthesis Measurements 
In the first experiment, three plants per genotype were sampled before the beginning of 
the drought treatment to obtain initial dry matter weights (DMi). At the end of the experiment, 
three plants per genotype and water treatment were harvested to estimate final dry matter weight 
(DMf). In all cases, plants were cut at the base of the stem and dried in an oven at 75°C until the 
sample attained a constant weight. Plant growth (PG) was estimated as the total dry matter 
accumulated between the beginning and the end of the experiment (DMf −DMi).  Water use 
efficiency was estimated as PG divided by irrigated water volume (IWV, see definition below). 
In the second experiment, leaf net carbon assimilation rate (A) and stomatal conductance 
(gs) rates were measured using three Li-6400XT gas exchange analyzers (Li-Cor, Lincoln, 
Nebraska). Data were obtained in three consecutive days during both the control and drought 
periods, between 9 am and 2 pm. Conditions in the Li-6400XT leaf cuvette were set to 400 ppm 
CO2, a flow of 300 ppm CO2, 50-60% relative humidity, and 1000 μmol photons m-2 s-1 PAR. 
After placing the leaf cuvette on the leaf for a minimum of two minutes, stability of multiple 
parameters was monitored. Data were recorded when the coefficient of variation of A, flow, and 
humidity were below 1.2. 
Irrigation System 
Substrate volumetric water content (VWC) was measured with capacitance soil sensors 
(EC-5; Decagon Devices, Pullman, WA), and calibrated specifically for this soilless substrate. 
Calibration entailed adding a measured amount of water to a fixed volume of oven-dried 
substrate in 500-ml containers to reach a target water content value. After homogenizing the 




measured with independent sensors in each VWC level of 10, 15, 20, 30 and 40 m3 m-3.  A 
simple linear regression equation was fit to VWC on voltage and the obtained parameters were 
used to estimate soil water content in the irrigation system (Fig. 1). 
One sensor was placed in each pot to individually control the VWC. Sensors were 
connected to a multiplexer (AM16/32B; Campbell Scientific, Logan, UT) managed by a data 
logger (CR1000; Campbell Scientific) (see Fig. 2-4). The need for irrigation was determined by 
VWC thresholds programmed into the CR1000 and transmitted to a microcontroller (Mega 2560; 
Arduino, Ivrea, Italy) acting as a relay driver control for a 16 channel switch (SainSmart, 
Lenexa, KS). Once the CR1000 data logger measured and recorded VWC for each experimental 
unit, it generated a list of plants requiring irrigation, i.e. those that presented VWC below the 
programmed threshold. The Campbell CR1000 operated in a two-channel pulse signaling with 
buffer arrays to send categorical identification of plant groups through one channel, and voltage 
specific excitation signals corresponding to specific experimental units within each plant 
grouping through the other channel, transmitted to the microcontroller operating the relay driver. 
The concept for data transmission was based on a generalized principle of wave pipelining with 
self-reset logic to efficiently and quickly transmit data from the CR1000 following an original 
design by Litvin and Mourad (2008). The two channel one-way communication system from the 
Campbell CR1000 to the Arduino Mega used a pulsing I/O signal of either 0 or 5V, providing 
excitation of 5V to communicate onset of irrigation commands and cycle through grouped 
experimental units by resetting to 0V and then back to 5V to initiate commands for the next 
group of experimental units. A second channel connecting the CR1000 to the Mega provided a 
voltage specific excitation from 0 to 2500 mV corresponding to a known experimental unit 




CR1000 and excite the channel to the respective voltage to irrigate the corresponding pot. The 
two channels worked in tandem, with the voltage variable channel only providing excitation 
during an active pulse as shown in Fig. 2.  
The number of experimental units that could be reported per pulse is limited by the 
resolution of the data logger to provide a precise excitation voltage, and by the resolution of the 
microcontroller reading the voltage excitation. The accuracy and reliability of CR1000 to 
provide the excitation with a 32-bit internal core resolution was high, but the Arduino Mega was 
not as precise at reading the voltage commands, using 10-bit resolution, which ultimately limited 
the amount of commands per 5V pulse. To mitigate this issue, groups were defined by pulses, 
which allowed commands corresponding to irrigation needs of experimental units to be spread 
across as many pulse signals as needed. Instead of setting a voltage equal to the expected 
excitation for a given experimental unit as a trigger for irrigation, the Arduino Mega associated 
ranges to encapsulate the expected value plus a tolerance in voltage in either direction. For 
example, if the CR1000 provided an excitation of 1800 mV, the Arduino Mega would recognize 
it as a signal of needed irrigation since any voltage between 1600 and 2000 mV (1800 ± 200 
mV) would trigger irrigation for the respective experimental unit. Spaces between acceptable 
voltage values for each experimental unit were undefined to prevent accidental triggering of a 
subsequent pot as a consequence of a voltage spike or dip between commands. After the final 
pulse ended, the Arduino Mega ceased to “standby” for commands and began to cycle through 
irrigation events. 
When irrigation was needed in a given pot, relay switches controlled by the Arduino 
Mega operated the solenoid valves (RainBird, Azusa, CA) that corresponded to each sensor-




L·h-1 (Rain Bird, Azusa, CA). The program would measure VWC of each pot every 15 m 
(experiment 1) or 30 m (experiment 2) and if the respective threshold for an experimental unit’s 
VWC dropped below its set point, the corresponding irrigation valve was opened for a fixed 
amount of time per irrigation event. The duration of irrigation was adjusted individually for each 
solenoid to ensure that the water volume applied was 10-15 ml in experiment 1 and 20-30 ml in 
experiment 2. Data were recorded every 15 m (experiment I) or 30 m (experiment II), at each run 
cycle, including the current VWC level and the number of executed irrigation events. Irrigated 
Water volume (IWV) was calculated for each plant as the number of irrigation events multiplied 
by the applied water volume per solenoid. Once every 24 h, on the last run before midnight, data 
were summarized for each experimental unit as daily mean, minimum, and maximum VWC and 
the total amount of water used to irrigate each experimental unit. 
Statistical Analysis 
Data analyses were conducted using Proc GLM of SAS version 9.4 (SAS Institute, Cary, 
NC, USA). The first experiment was a factorial design, with three water treatments, four 
accessions, and three replications (plants). The statistical model was: 
Yijk = μ + Ti + Gj + TGij + ε(ij)k 
where Yijk is the response variable, μ is the overall mean, Ti is the water treatment effect, 
Gj is the accession effect, TGij is the interaction between T and G, and ε(ij)k is the residual. All 
treatments were considered fixed. 
The second experiment was a randomized complete block design. Results for each water 
treatment period were analyzed separately, i.e. control and drought, and the statistical model 
was: 




where Yij is the response variable (average of three days), μ is the overall mean, Ri is the 
replication (growth chamber) effect, Gj is the accession effect, and εij is the residual. All 
treatments were considered random. 
Results and Discussion 
The calibration of sensors for the soilless substrate used in these experiments resulted in a 
accurate measurement of VWC (Fig. 1). The linear relationship observed between the EC-5 
output and VWC in the range of water content used herein is in agreement with previous studies, 
and the R2 values are within reported values, i.e. 0.92-0.98 (Czarnomski et al., 2005; Kizito et 
al., 2008; Ferrarezi and Testezlaf, 2017). The substrate specific calibration was fundamental to 
obtain accurate measurements in line with the manufacturer specifications for custom calibration 
(Decagon Devices, 2017).  
Figure 1. EC-5 sensor calibration for our specific soilless substrate. Volumetric water content (VWC) as a 
function of EC-5 sensor output (mVolt) 
Experiment I: controlled dry-down and final VWC 
The initial soil VWC was similar in all plants, i.e. 31-36 %, and decreased at expected 
rates in each treatment to reach the targeted VWC (Fig. 5). Even though the four tested 




controlled the soil water content during the dry-down period and maintained it for three days 
during the drought treatment. The final average VWC was 11.1, 22, and 31% and the average 
coefficient of variation was 8.7, 6.8, and 3.1 % for the 10, 20 and 30% VWC treatment, 
respectively.  
Table 1. Average dry matter per plant (n=3) at the start (DMi) and last day (DMf) of water treatments, growth per 
plant (PG), irrigated water volume (IWV), and water use efficiency (WUE) in four sorghum genotypes. Plants were 
subjected to three final VWC levels (0.1, 0.2 and 0.3 m3 m-3) after ten days of controlled and constant dry-down. 
Initial Dry Matter (DMi), Final Dry matter (DMf), Plant growth (PG), Irrigated Water Volume (IWV) and Water Use 
Efficiency (WUE). A) Average per genotype across VWC treatments (n=9); B) Average across genotypes per VWC 
treatment (n=12). 
A Accession DMi (gr) DMf (gr) PG (gr) IWV (ml) WUE 
 PI656019 7.16 bc 19.21 b 16.07 a 1095.06 b 0.028 a 
 PI656119 10.68 a 22.85 a 16.22 a 1766.72 a 0.017 b 
 PI533882 6.01 c 12.31 d 8.4 b 631.28 b 0.024 ab 
 PI533996 9.36 ab 15.57 c 8.28 b 828 b 0.024 ab 





 DMi (gr)* DMf (gr) PG (gr) IWV (ml) WUE 
 0.1 8.3 a 17.6 b 9.29 b 992.33 a 0.024 a 
 0.2 8.3 a 19.47 b 11.17 b 989.17 a 0.023 a 
 0.3 8.3 a 24.57 a 16.27 a 1259.29 a 0.023 a 
* DMi for VWC treatments was calculated as the average across genotypes (n=12) before the start of the dry-down 
period, and thus, the value is the same for all VWC treatments. 
Table 2. Experiment I: Analysis of variance for Initial Dry Matter (DMi), Final Dry matter (DMf), Plant growth 
(PG), Irrigated Water Volume (IWV) and Water Use Efficiency (WUE), in which Treatment (T), Genotype (G) and 
the genotype by treatment interaction were treated as fixed effects. 
Source of 
variation 
DMi  DMf  PG 
F Value p value   F Value p value   
F 
Value p value 
T    20.58 <.0001  20.58 <.0001 
G 5.93 0.0197  36.99 <.0001  24.09 <.0001 
T*G       1.35 0.2735   1.35 0.2735 
Source of 
variation 
IWV  WUE     
F Value p value   F Value p value     
T 1.02 0.376  0.57 0.5725     
G 6.99 0.0015  2.42 0.0912     
T*G 0.21 0.9714   0.3 0.9323     




Table 3. Experiment I: Correlation coefficients between Dry Matter (DMi), Final Dry matter (DMf), Plant growth 
(PG), Irrigated Water Volume (IWV) and Water Use Efficiency (WUE) 
Traits DMi DMf PG IWV WUE 
DMi -     
DMf 0.51** -    
PG 0.24 0.96*** -   
IWV 0.5** 0.76*** 0.69*** -  
WUE -0.29 -0.26 -0.2 -0.75*** - 
***Significant at P < 0.001 
**Significant at P < 0.01 
*Significant at P < 0.05 
 
Accessions presented significant differences in initial and final plant biomass (P<0.05, 
Table 1A), as expected based on the selection criterion implemented to maximize variation in 
plant size and photosynthetic/transpiration capacity. The larger biomass accumulation (PG) 
observed for genotypes PI656019 and PI656119 (P<0.05) is explained by their larger canopy and 
plant size, including height and stem diameter (data not shown). Alternative water treatments 
generated significant differences in biomass accumulation, which demonstrates the ability of the 
irrigation system to control VWC. The total biomass accumulation (PG) obtained at the end of 
the 13 days of treatment was the highest under well-watered conditions (VWC=30%).  Even 
though plant growth was slightly lower for plants subjected to 10% final VWC than those at 
20%, there was no statistical difference between these treatments (Table 1B). When plants were 
exposed to 10% final VWC, the total growth was reduced 43% compared to plants grown at 30% 
VWC. Similarly, the 20% VWC treatment resulted in plants that produced 31% less biomass 
than those under 30%VWC.  Both the irrigated water volume and WUE were significantly 
different among genotypes averaged over treatments, but not among water treatments over all 
genotypes (Tables 1A, 1B and 2). In general, irrigated water volume was highly and positively 
correlated with dry matter weight at the end of the treatment (DMf) and PG, but negatively 




volume to each pot, according to the target VWC and the plant’s demand, is demonstrated by the 
IWV recorded for PI656119. This genotype had the largest plant size, a high growth rate (similar 
to PI656019) and required the largest water volume to be supplied over all treatments to maintain 
the target VWC.  
The observed variation in soil water content was similar between treatments throughout 
the experiment (Fig. 5) and was either within the sensor accuracy (±1-3%) (Decagon Devices, 
2017) or similar to the variation reported in other studies that investigated the performance of 
substrate moisture sensors for automated irrigation systems (van Iersel et al., 2010; Ferrarezi et 
al., 2015). 
Experiment II: Scaling up the irrigation system 
To investigate the reliability of the system at a larger scale, we evaluated a set of 42 
sorghum genotypes and compared their photosynthetic rate and stomatal conductance under both 
full irrigation (control) and drought conditions. We developed two independent modules of the 
irrigation system that were installed in two adjacent growth chambers used as replicates (for the 
system diagram see Fig. 2, 3, and 4).  
The system successfully controlled soil water content and all plants achieved the target 
VWC (15%) after seven days of dry-down, despite the significant differences among accessions 
observed in gs when plants were subjected to drought stress (Table 4, Supplementary Table S1, 
Supplementary Fig. S1). The average VWC during the drought period ranged from 0.8 to 4.8 % 
above the target threshold (Supplementary Table S2), in agreement with previous reports of 
automated systems based on capacitance sensors (Nemali and van Iersel, 2006). This variation 
relative to the target VWV is lower than that reported for systems based on gravimetric 
methodologies (Granier et al., 2006) and thus, confirms the advantage of choosing this type of 




Figure 2. Automation system used for precision irrigation. Universal power supply signals designated by 24V, 12V, 
5V, GND (ground), or Vin (Voltage in). Specific modules follow annotation for datalogger ports (C ports: I/O 
control ports for 5VDC; SE ports: Single-ended communication ports for sensor signal data; Vx ports: Excitation 
variable voltage supply of 0-2.5V); Multiplexer (RES: Voltage supplied >3.5V sets active mode; CLK: Used to 
cycle through measurements of sensors; COM: Measurement terminals for ODD High (H), Low (L) and EVEN H, L 
for signal lead communication between sensors attached to multiplexer and datalogger; Sensors: Individual excite, 
GND, and signal terminals for each sensor attached to the multiplexer); Microcontroller (Analog ports: Measures 
voltage signal from datalogger of 0-5V to coordinate activation of irrigation signals to relay driver) Relay Drivers 






Figure 3. Irrigation system connections between data logger, multiplexer, microcontroller and 16 channel switch. 
 
 
Figure 4. Arrangement and position of different components of the irrigation system. A) Solenoids and tubing; B) 






Figure 5. Changes in volumetric water content (VWC) over time using four sorghum genotypes subjected to three 
final VWC levels (0.1, 0.2 and 0.3 m3 m-3) after ten days of dry-down. Each point represents a daily VWC average. 
Bars indicate standard deviation.   
 
be attributed to external factors, which include the inconsistent placement of emitters relative to 
sensors, and the movement of plants or sensors. Both of these factors could generate inaccurate 
readings and trigger additional unnecessary irrigations that would take VWC to levels above the 
target thresholds (Ferrarezi et al., 2015). In this experiment, plants had to be occasionally moved 
to measure photosynthetic parameters with LI-6400XT and thus, the removal and repositioning 
of emitters and sensors could be causing the observed variation in VWC readings for each pot. 
However, these observed fluctuations were similar or less pronounced (1-5%) than those 
reported for other irrigation systems (Nemali and van Iersel, 2006; Ferrarezi et al., 2015), and 
more precise sensor and automation systems are often beyond the economic means for large 
scale research (Jones, 2004; Blonquist et al., 2005).  
The design proposed herein facilitates the development of modular irrigation systems that 





Table 4. Experiment II: Analysis of variance for photosynthetic rate (A) and stomatal conductance (gs) under non-
stress and drought stress. Rep: replication effect. Geno: genotype effect 
Source of 
variation 
  A control  A drought  gs control  gs drought 
  F Value p value   F Value p value   F Value p value   F Value p value 
Rep  11.97 0.0013  8.34 0.0062  0.53 0.4706  2.02 0.1628 
Geno  1.71 0.0443  1.81 0.0299  1.33 0.1823  1.7 0.0462 
 
greenhouse setting. Therefore, the variability attributed to the independent function of each 
module (in this case each module corresponds to 42 pots) was an important parameter to 
evaluate. The observed average difference in VWC between replicates (or modules of the 
irrigation system) was 0.045 and 0.007 m3 m-3 for control and drought treatments, respectively 
(Supplementary Table S2), which demonstrates the reliability and accuracy of the independent 
modules. This result was confirmed by the comparative analysis of the physiological parameters 
obtained in this experiment. The mean difference in A and gs between modules during the 
drought treatment was 2.21 μmol CO2 m-2 s-1 and 0.0052 mol H20 m-2 s-1, respectively 
(Supplementary Table S2), which highlights the importance of generating similar stress 
conditions in each module for the correct characterization of the phenotype of interest (Ghanem 
et al., 2015). 
Characterizing the drought stress response of diverse germplasm with drastic differences 
in photosynthetic capacity and stomatal conductance, such as the set used herein (Table 4, 
Supplementary Table S2), represents a major experimental challenge under controlled 
conditions. If the drought stress is simply imposed by withholding irrigation, the observed 
phenotypic responses would have confounded effects due to both true genotypic differences and 
those attributable to a variable stress level generated by uneven and non-comparable soil water 
content between genotypes. The stress conditions can be adjusted using our irrigation system to 




VWC, depending on the objectives of the research. Both experiments demonstrate that this 
irrigation system can reach any target VWC within a broad range (10-30%VWC) and can ensure 
a controlled dry-down period at a fixed rate for all plants over a variable time period (seven or 
ten days).  Additionally, in some studies it is of special interest to impose the drought stress at a 
specific phenological stage, which results in some genotypes starting the dry-down at different 
days (Granier et al., 2006). This adjustment can be done with the irrigation system presented 
herein, due to the control of VWC at the individual plant level. 
There is a diverse array of methods to measure soil water content. In field experiments, 
the most common systems are based on neutron probes, gravimetric, and capacitance sensors 
(Schmugge et al., 1980; Tuberosa, 2012). In growth chamber and greenhouse experiments, soil 
water content is usually measured by weighing pots periodically, e.g. daily (Earl, 2003; Kiani et 
al., 2008), and by using dielectric sensors (Nemali and van Iersel, 2006). Although the 
gravimetric method is reliable, it requires frequent weighing and watering of plants to maintain a 
target VWC and is thus, very labor intensive. Furthermore, there is a need to sample extra plants 
regularly to quantify their biomass and then subtract those values from the total weight (Granier 
et al., 2006; Pereyra-Irujo et al., 2012). Even though this method has been successfully used in 
small experiments (Earl, 2003; Kiani et al., 2008), more expensive platforms designed ad hoc are 
needed to implement it at large scale (Granier et al., 2006; Finkel, 2009; Junker et al., 2015). In 
general, these facilities are built de novo, which requires large funding resources, although some 
have been developed by adapting a pre-existing greenhouse (Pereyra-Irujo et al., 2012; Halperin 
et al., 2017). When systems based on capacitance sensors are used, there is no need to correct for 
plant weight as long as the sensors are properly calibrated (Kizito et al., 2008). One of the 




dielectric sensors for accurate measurements. The EC-5 sensor selected for our irrigation system 
has been successfully used in experiments with small to medium pots (Kizito et al., 2008), and in 
a wireless network of soil sensors deployed to the field (Bogena et al., 2007; Ferrarezi and 
Testezlaf, 2017). Considering that these sensors can overestimate VWC of large pots (i.e. 19 L) 
in dry-down conditions (Raper et al., 2015), sensors with larger volume of influence could be 
incorporated in our design if large potted plants are needed, albeit increasing the overall cost of 
the system. 
The need for characterizing plants at a large scale has driven the construction of several 
high-throughput phenotyping facilities (Granier et al., 2006; Finkel, 2009; Junker et al., 2015). 
Despite their great capabilities, the high costs associated with these large and stationary 
platforms make them inaccessible for many research groups. The irrigation system presented 
herein is an example of a modular, flexible and low-cost design based on technological 
hybridizations. High precision processes were controlled by a data logger that can accurately 
excite and read substrate moisture sensors. The automation was determined by cost-saving 
microcontrollers and relay boards. New microcontrollers are constantly developed and, a sector 
once only populated by self-built circuits or Arduino, has opened now to an array of low-cost 
high-speed processing power that can be purchased with high-resolution analogs for precision 
instrumentation and data storage. The system described herein is also highly versatile, as it can 
be adapted to diverse greenhouse and growth chamber applications, or field work with minor 
adjustments.  Additionally, the system could be improved or re-designed to include more 
complex capabilities by the incorporation of complementary sensor types, e.g. sensors of leaf 






We have developed and evaluated a modular irrigation system than can control VWC and 
stress levels at each individual pot and can be deployed for diverse applications and experimental 
conditions. The main advantages of our system include: i) the low cost of parts and sensors that 
makes it affordable for a larger scientific community compared to recently HTP platforms; ii) its 
adaptability to pre-existing growth chambers and greenhouse rooms; iii) the flexibility of the 
design that could incorporate additional sensors/cameras to suit specific phenotyping needs, and 
iv) its accuracy and reliability to impose a controlled dry-down period and specific final VWC 
even for mid-size pots. These features make the irrigation system presented herein a useful tool 
for phenotyping in plant breeding, genetic, genomic and physiological studies. Ultimately, all 
technological advances to accurately characterize plant responses to drought stress conditions 
will significantly contribute to the dissection of the genetic mechanisms controlling this 
important and complex trait. 
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Supplementary Figure S1. Changes in soil water content over time after seven days of dry-down in experiment II. A 
subset of three genotypes and 2 reps was plotted as an example for clarity. Each dot represents the average VWC 
throughout a whole day. The target final VWC was 0.15 m3 m-3. Day 0 = initial VWC before the start of dry-down. 
 
Supplemental Tables 
Supplementary Table S1. Photosynthesis in the control and drought treatments in 42 sorghum genotypes. Values 
represent LS means and standard errors. 
  Control  Drought 
  A* Cond  A* Cond* 
Genotype  μmol CO2 m
-2 s-1 mol H20 m-2 s-1  μmol CO2 m
-2 s-1 mol H20 m-2 s-1 
PI533758  33.56 (1.45) 0.184 (0.011)  13.57 (2.42) 0.058 (0.012) 
PI533761  32.77 (1.45) 0.178 (0.011)  18.88 (2.42) 0.087 (0.012) 
PI533769  32.73 (1.45) 0.161 (0.011)  11.37 (2.42) 0.044 (0.012) 
PI533788  31.46 (1.45) 0.166 (0.011)  9.35 (2.42) 0.039 (0.012) 
PI533839  30.83 (1.45) 0.157 (0.011)  14.8 (2.42) 0.063 (0.012) 
PI533852  35.12 (1.45) 0.189 (0.011)  13.71 (2.42) 0.059 (0.012) 
PI533938  34.24 (1.45) 0.188 (0.011)  15.43 (2.42) 0.067 (0.012) 
PI533940  32.91 (1.45) 0.172 (0.011)  15.78 (2.42) 0.071 (0.012) 
PI533970  37.98 (1.45) 0.202 (0.011)  19.36 (2.42) 0.083 (0.012) 
PI533979  35.79 (1.45) 0.199 (0.011)  10.9 (2.42) 0.049 (0.012) 
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Supplemental Table S1. (continued) 
PI533985  30.89 (1.45) 0.164 (0.011)  6.14 (2.42) 0.026 (0.012) 
PI534009  34.11 (1.45) 0.182 (0.011)  11.45 (2.42) 0.05 (0.012) 
PI534070  34.14 (1.45) 0.188 (0.011)  13.03 (2.42) 0.057 (0.012) 
PI534079  33.29 (1.45) 0.178 (0.011)  19.38 (2.42) 0.085 (0.012) 
PI534096  33.17 (1.45) 0.166 (0.011)  15.29 (2.42) 0.064 (0.012) 
PI534138  35.03 (1.45) 0.182 (0.011)  18.17 (2.42) 0.08 (0.012) 
PI561071  33.92 (1.45) 0.19 (0.011)  12.9 (2.42) 0.055 (0.012) 
PI564163  34.55 (1.45) 0.173 (0.011)  19.82 (2.42) 0.082 (0.012) 
PI576347  31.89 (1.45) 0.159 (0.011)  10.38 (2.42) 0.042 (0.012) 
PI576391  36.05 (1.45) 0.193 (0.011)  11.02 (2.42) 0.046 (0.012) 
PI576435  30.51 (1.45) 0.168 (0.011)  13.66 (2.42) 0.059 (0.012) 
PI597945  33.37 (1.45) 0.168 (0.011)  9.22 (2.42) 0.037 (0.012) 
PI597960  32.56 (1.45) 0.162 (0.011)  12.9 (2.42) 0.052 (0.012) 
PI597961  29.93 (1.45) 0.161 (0.011)  11.82 (2.42) 0.05 (0.012) 
PI597971  35.61 (1.45) 0.182 (0.011)  13.5 (2.42) 0.061 (0.012) 
PI598069  32.69 (1.45) 0.181 (0.011)  12.38 (2.42) 0.052 (0.012) 
PI601816  34.85 (1.45) 0.185 (0.011)  12.67 (2.42) 0.048 (0.012) 
PI655971  36.95 (1.45) 0.191 (0.011)  17.71 (2.42) 0.072 (0.012) 
PI655972  33.55 (1.45) 0.176 (0.011)  12.09 (2.42) 0.051 (0.012) 
PI655986  34.05 (1.45) 0.188 (0.011)  14.82 (2.42) 0.064 (0.012) 
PI655988  34.18 (1.45) 0.177 (0.011)  11.23 (2.42) 0.048 (0.012) 
PI655996  36.76 (1.45) 0.192 (0.011)  8.22 (2.42) 0.032 (0.012) 
PI656017  33.1 (1.45) 0.176 (0.011)  10.45 (2.42) 0.042 (0.012) 
PI656028  34.49 (1.45) 0.184 (0.011)  11.84 (2.42) 0.049 (0.012) 
PI656029  32.19 (1.45) 0.167 (0.011)  15.29 (2.42) 0.068 (0.012) 
PI656031  33.5 (1.45) 0.189 (0.011)  18.06 (2.42) 0.084 (0.012) 
PI656037  32.83 (1.45) 0.176 (0.011)  11.8 (2.42) 0.051 (0.012) 
PI656044  35.24 (1.45) 0.181 (0.011)  16.28 (2.42) 0.069 (0.012) 
PI656051  30.53 (1.45) 0.161 (0.011)  10.6 (2.42) 0.044 (0.012) 
PI656074  37.15 (1.45) 0.202 (0.011)  13.54 (2.42) 0.054 (0.012) 
PI656076  31.21 (1.45) 0.154 (0.011)  10.9 (2.42) 0.045 (0.012) 
PI656106   32.82 (1.45) 0.17 (0.011)   9.12 (2.42) 0.039 (0.012) 
 
Supplementary table S2. Average VWC in the control and drought treatments in 42 sorghum genotypes. Values in 
brackets represent standard deviation 
  VWC control  VWC drought 
Genotype  Rep 1 Rep 2  Rep 1 Rep 2 
PI533758  0.362 (0.03) 0.323 (0.047)  0.176 (0) 0.195 (0.012) 
PI533761  0.298 (0.039) 0.327 (0.022)  0.166 (0.007) 0.172 (0.002) 
PI533769  0.314 (0.009) 0.259 (0.024)  0.167 (0.008) 0.184 (0.004) 
PI533788  0.328 (0.009) 0.304 (0.043)  0.171 (0.009) 0.183 (0.014) 
PI533839  0.347 (0.009) 0.301 (0.012)  0.166 (0.007) 0.179 (0.017) 
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PI533852  0.317 (0.028) 0.302 (0.022)  0.178 (0.001) 0.178 (0.014) 
PI533938  0.328 (0.053) 0.356 (0.061)  0.182 (0) 0.186 (0.012) 
PI533940  0.396 (0.065) 0.328 (0.009)  0.178 (0.001) 0.19 (0.012) 
PI533970  0.396 (0.032) 0.319 (0.044)  0.171 (0.004) 0.174 (0.021) 
PI533979  0.314 (0.042) 0.356 (0.05)  0.182 (0.005) 0.178 (0.01) 
PI533985  0.362 (0.026) 0.308 (0.025)  0.165 (0.008) 0.169 (0.012) 
PI534009  0.327 (0.038) 0.302 (0.015)  0.185 (0.003) 0.171 (0.009) 
PI534070  0.341 (0.024) 0.299 (0.033)  0.179 (0.002) 0.174 (0.015) 
PI534079  0.311 (0.022) 0.359 (0.01)  0.171 (0.006) 0.189 (0.005) 
PI534096  0.34 (0.033) 0.343 (0.047)  0.18 (0.003) 0.185 (0.006) 
PI534138  0.387 (0.025) 0.304 (0.037)  0.173 (0.008) 0.172 (0.009) 
PI561071  0.357 (0.016) 0.292 (0.015)  0.18 (0.005) 0.172 (0.01) 
PI564163  0.332 (0.037) 0.283 (0.048)  0.173 (0.002) 0.185 (0.014) 
PI576347  0.362 (0.067) 0.32 (0.05)  0.161 (0.004) 0.181 (0.014) 
PI576391  0.332 (0.057) 0.321 (0.046)  0.166 (0.021) 0.183 (0.018) 
PI576435  0.272 (0.017) 0.305 (0.058)  0.177 (0.006) 0.181 (0.006) 
PI597945  0.31 (0.035) 0.312 (0.042)  0.172 (0.005) 0.199 (0.012) 
PI597960  0.409 (0.039) 0.278 (0.005)  0.183 (0.004) 0.187 (0.015) 
PI597961  0.32 (0.009) 0.333 (0.009)  0.182 (0.01) 0.18 (0.015) 
PI597971  0.392 (0.019) 0.335 (0.035)  0.159 (0.002) 0.184 (0.013) 
PI598069  0.33 (0.016) 0.285 (0.044)  0.175 (0.01) 0.172 (0.018) 
PI601816  0.311 (0.049) 0.303 (0.011)  0.172 (0.01) 0.189 (0.014) 
PI655971  0.354 (0.014) 0.298 (0.031)  0.175 (0.009) 0.181 (0.01) 
PI655972  0.382 (0.059) 0.275 (0.044)  0.185 (0.006) 0.169 (0.016) 
PI655986  0.366 (0.033) 0.324 (0.034)  0.182 (0.004) 0.18 (0.001) 
PI655988  0.319 (0.045) 0.32 (0.015)  0.169 (0.012) 0.183 (0.01) 
PI655996  0.377 (0.038) 0.319 (0.031)  0.176 (0.001) 0.172 (0.004) 
PI656017  0.382 (0.038) 0.326 (0.035)  0.175 (0.018) 0.189 (0.019) 
PI656028  0.381 (0.053) 0.27 (0.007)  0.167 (0.009) 0.179 (0.011) 
PI656029  0.318 (0.03) 0.336 (0.02)  0.174 (0.005) 0.163 (0.014) 
PI656031  0.344 (0.02) 0.262 (0.013)  0.177 (0.009) 0.196 (0.012) 
PI656037  0.341 (0.011) 0.359 (0.056)  0.159 (0.032) 0.174 (0.017) 
PI656044  0.369 (0.019) 0.308 (0.022)  0.178 (0.001) 0.17 (0.011) 
PI656051  0.355 (0.028) 0.324 (0.038)  0.167 (0.005) 0.171 (0.008) 
PI656074  0.343 (0.028) 0.321 (0.044)  0.171 (0.001) 0.175 (0.006) 
PI656076  0.345 (0.034) 0.322 (0.029)  0.179 (0.003) 0.197 (0.006) 
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Abstract 
Drought is an important stress that causes crop yield losses worldwide. Sorghum is a C4 
species used for food, feed and biofuel production that is considered tolerant to moderate drought 
stress conditions. However, under severe water limitations, sorghum plants can significantly 
reduce cell expansion, photosynthesis and partitioning of assimilates to harvestable organs. The 
extensive variability in sorghum for photosynthetic traits under non-stress and stress conditions 
can be exploited for selecting cultivars with enhanced stress tolerance. The objective of this 
study was to discover genes/genomic regions that control the sorghum photosynthetic capacity 
under drought conditions during the vegetative growth period. We performed a genome-wide 
association study (GWAS) for seven photosynthetic gas exchange and chlorophyll ﬂuorescence 
traits during three periods of contrasting soil volumetric water content (VWC): control (30% 
VWC), drought (15% VWC), and recovery (30% VWC). Water stress was imposed with an 
automated irrigations system that generated a controlled dry-down of growing medium for all 
plants, to perform an unbiased genotypic comparison. A total of 60 genomic regions were 
associated with one or more traits in a particular treatment or with derived variables. A closer 
analysis of the GWA signals allowed the detection of nearby candidate genes with annotated 
functions related to stress signaling, carotenoid biosynthesis, oxidative stress protection, and 
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dehydration protection. Our discoveries provide useful information for the selection of sorghum 
genotypes with improved drought stress performance.  
Introduction 
Drought is a major abiotic stress that causes substantial yield losses worldwide (Li et al., 
2009). The large environmental variability associated with climate change may intensify future 
abiotic stress events (FAO, 2016), and this could lead to increased risks of food shortages, 
especially in regions with fast growing populations.  
Tropical C4 cereals like maize (Zea mays) and sorghum (Sorghum bicolor L.) present a 
relative advantage in water use efficiency (WUE) over C3 crops in temperate regions. The 
anatomical and biochemical characteristics associated with the CO2 concentrating mechanism in 
C4 species allow plants to reach high net assimilation rates (A) at low stomatal conductance 
levels (gs) (Long, 1999; Taylor et al., 2010). Sorghum can tolerate moderate drought conditions 
due to extensive root systems that are capable of extracting water and sustaining stomatal 
opening at low water potential. Further, some sorghum accessions have leaf wax that reflects 
excess light and reduces cuticular conductance (Tari et al., 2013). However, under a more severe 
water shortage, both growth and yield are reduced due to a negative effect on cell expansion, A 
and partitioning of assimilates to harvestable organs (Peng et al., 1991; Sankarapandian et al., 
2013). 
The effects of drought on photosynthesis can be divided into stomatal and non-stomatal 
processes (Lawlor, 2002). As water limitation in the soil progresses, plants tend to close stomata 
and thus gs and transpiration (E) are reduced, limiting A. However, under more severe water 
stress, non-stomatal processes are also affected, resulting in a reduction of both leaf 
photochemistry and carbon metabolism, and an increase in oxidative stress (Chaves et al., 2009).  
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A combination of drought and high light intensity generates an excess of energy that can 
lead to photoinhibition, i.e. the inactivation of photosystem II (PSII) activity. Under these 
circumstances, photoprotection mechanisms play a key role in preventing damage to the 
photosynthetic machinery. Plants can dissipate excess light energy as heat through 
conformational changes in the light harvesting complex. The process is mediated by the 
xanthophyll cycle, which consists of the de-epoxidation of violaxanthin to zeaxanthin in 
response to high light intensity, providing a mechanism to prevent photoinhibition and minimize 
oxidative stress (Demmig-Adams et al., 1989; Ruban et al., 2012). Changes in the efficiency of 
light reactions and the level of photosystem damage can be assessed using Pulse Amplitude 
Measurement (PAM) fluorometers. Chlorophyll fluorescence variables have been successfully 
used in studies of cold, salinity, heat, and drought stresses, and the information gained can help 
discover genotypic variation associated with drought tolerance (Netondo et al., 2004; Hund et al., 
2005; Kościelniak et al., 2005; Kiani et al., 2008; Ortiz et al., 2017). 
Plants can sense a limited water condition and respond with a signal transduction cascade 
to mitigate dehydration effects. Broadly, response mechanisms can be characterized as Abscisic 
Acid (ABA)-dependent or independent. ABA is produced in roots and shoots, and induces the 
expression of functional and regulatory genes that leads to an increase in root growth, stomatal 
closure and a reduction in leaf expansion (Chaves et al., 2003; Yang et al., 2010). The list of 
upregulated genes includes transcription factors, protein kinases and phosphatases, most of 
which contain a conserved ABA responsive element (ABRE) in the promoter region. Under 
drought stress, there is also a change in expression of multiple genes in an ABA-independent 
manner, which frequently include a conserved promoter region known as dehydration responsive 
element (DRE). Overall, drought-stress signaling leads to the production of compounds that 
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protect membrane stability and enzymatic activity, repair cell damage due to oxidative stress and 
relieve excess light energy in the photosynthetic machinery. 
Selection for higher photosynthetic performance has been proposed as a feasible goal for 
increasing crop yields (Long et al., 2006; Flood et al., 2011). There is extensive variability of A 
and the ratio between A and E (A:E) in sorghum under both non-stress and stress conditions 
(Kidambi et al., 1990b; Peng et al., 1991; Balota et al., 2008; Xin et al., 2009; Salas Fernandez et 
al., 2015; Ortiz et al., 2017). Furthermore, while variation in A and A:E suggests that selection 
for higher carbon fixation is possible, the genetic architecture of photosynthetic processes in 
sorghum are still not fully understood. The discovery of Quantitative Trait Loci (QTL) that affect 
both dark and light reactions of photosynthesis as well as photoprotection mechanisms is crucial 
to develop genotypes with more efficient photosynthesis. The objective of this study was to 
discover the markers/genomic regions associated with variations in gas exchange and 
chlorophyll fluorescence traits under both optimal and water limited conditions. Our findings can 
benefit breeding programs as well as future genetics and physiology studies. The results can also 
be used in comparative genomic studies with other important crops, such as maize, wheat 
(Triticum aestivum), and rice (Oryza sativa).   
Materials and Methods 
Germplasm 
A total of 324 accessions from the Sorghum Association Panel (SAP) were used in this 
study (Casa et al., 2008). The SAP is a collection that captures the genetic diversity of the 
species and is composed of accessions from different geographical regions of the world. It has 
been used in previous genetic studies for grain quality traits (Sukumaran et al., 2012), plant 
architecture traits (Morris et al., 2013; Mantilla Perez et al., 2014; Zhao et al., 2016), and 




Accessions were evaluated in an incomplete block design, consisting of nine incomplete 
blocks (sets) and two replicates. Sets were composed of a sample of plants representing each of 
40 accessions. A second plant representing each accession was grown in an adjacent growth 
chamber as a replicate. Each set was augmented with the following four checks: PI656029 (B35), 
PI655996 (Tx430), PI533839 (Camjin), and PI564163 (BTx623). The checks were selected 
based on preliminary measurements of A under drought stress in a subset of lines, when 
PI564163 and PI533839 were identified as contrasting accessions with high and low 
photosynthetic capacity. Additionally, PI655996 and PI656029 were included as checks based on 
published evidence of their drought tolerance during vegetative and reproductive stages, 
respectively (Sanchez et al., 2002; Balota et al., 2008).  
Growth Conditions 
In each set, 18 seeds per accession were planted in seedling trays in a greenhouse. 
Growth conditions were: 28°C day / 24°C night, 16 hr photoperiod, and 40-60 % relative 
humidity. After 12 days, two plantlets per accession were transplanted into 6 L pots, filled with 
Metro Mix 900 soil (Sungro Horticulture). Each plant per accession was assigned to one of two 
growth chambers (Percival, model PGW36T, capacity 11.28 m3), equipped with metal halide and 
high-pressure sodium lamps. Growth conditions were: 28°C day / 24°C night, 16 hr photoperiod, 
and 40-60 % relative humidity. Light intensity was increased and decreased each day during the 
first and last two hours of the day, respectively, to simulate sunrise and sunset. Additionally, 
plants were gradually adapted to high light conditions during the first two weeks in the growth 
chamber, i.e. from 400 to 1000 μmol photons m–2 s–1. Plants were fertilized as needed until the 
start of the water treatments with 130 ppm N of Peters Excel Cal-Mag Fertilizer (15-5-5).  
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After 30 days of growth, plants were subjected to three consecutive water treatments: 
Control (3 days) at > 30% Volumetric Water Content (VWC); Drought (7 days of dry-down and 
3 days at 15% VWC); and Recovery (5 days), when plants were re-watered and maintained at > 
30% VWC. Soil water content was controlled using an automated irrigation system, as described 
in Chapter III. 
Photosynthesis and Chlorophyll Fluorescence 
Gas exchange and chlorophyll fluorescence measurements were taken using three LI-
COR 6400 XT portable gas analyzers equipped with 6400-40 Leaf Chamber Fluorometer (LI-
COR, Lincoln, NE, USA). Measurements were taken in days 1-3 of Control, 8-10 of Drought, 
and 2 and 5 of Recovery (see supplementary Fig. S1). The youngest fully expanded leaf was 
selected for measurements during the control period and a new leaf identified according to the 
same criterion was used during the drought and recovery treatments to prevent ageing effects.   
Dark-adapted fluorescence measurements were taken at 7.00 h. Maximum quantum yield 
of PSII (Fv/Fm) was recorded in an overnight dark-adapted leaf using aluminum foil cover.  A 
modulating radiation of three was used to obtain minimum chlorophyll ﬂuorescence (F0), and a 
flash of 8000 μmol m–2 s–1 was applied for 3 sec to record maximum chlorophyll ﬂuorescence 
(Fm). Results were used to calculate variable chlorophyll ﬂuorescence (Fv), as Fm–F0, and 
maximum quantum yield of PSII as Fv/Fm. 
After a minimum of 30 min of exposure to high light conditions, gas exchange and light-
adapted chlorophyll fluorescence parameters were measured between 09.00 h and 14.00 h in the 
same leaf used for dark-adapted fluorescence. Conditions in the LI-COR 6400XT leaf chamber 
cuvette were set to 1000 μmol photons m–2 s–1 PAR, 400 ppm reference CO2 concentration, and 
50–60% relative humidity. Leaf temperature was set to 28 °C during control and recovery days, 
but was not controlled during the drought treatment in order to capture genotypic differences in 
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leaf temperature regulation under stress. The fraction of blue light was 10% of the PAR level to 
maximize stomatal aperture. Light-adapted minimum chlorophyll ﬂuorescence (F0') and 
maximum chlorophyll ﬂuorescence (Fm') were determined using a measuring light of three and a 
saturating pulse of 8000 μmol photons m–2 s–1 for 0.8 s, respectively. Plants were allowed to 
stabilize for a minimum of two min, after which four parameters were monitored for stability: A, 
gs, steady-state ﬂuorescence, and water vapor concentration. Data were recorded when the four 
parameters were stable and the overall coefficient of variation was lower than 1.2%. The 
following gas exchange parameters were obtained: A, gs and E. Chlorophyll fluorescence 
parameters included effective quantum yield of PSII (ΦPSII), efficiency of energy captured by 
open PSII reaction centers (Fv’/Fm’) and fraction of reaction centers that are open (qP) (Genty et 
al., 1989; Maxwell and Johnson, 2000). Additionally, the ratio between A and E was calculated 
(A:E). This variable is used to detect differences in transpired water use efficiency.  
Three derived variables for each photosynthetic trait were calculated to dissect the 
genotypic response over water treatments: i) “cumulative response”, ii) the ratio between drought 
and control, and iii) the ratio between drought and recovery. Each derived variable provides 
different information regarding genotypic response to drought. Cumulative response variables 
capture the overall response to the three water treatments, while ratios characterize the genotypic 
response to a particular treatment relative to its maximum (ratio drought-control), or minimum 
(ratio drought-recovery) values. Thus, ratio variables can provide information about the relative 
sensitivity of genotypes to drought and recovery. 
Statistical Analysis 
All variables were analyzed per water treatment using each day within a treatment as a 
repeated measure. Response variables were modeled using a linear mixed model and evaluated 
with SAS version 9.4 (SAS Institute, Cary, NC, USA). Selection of the best model was 
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performed by comparing Akaike information criterion (AIC) and Bayesian information criterion 
(BIC) of models with alternative combinations of covariates, i.e. leaf temperature, vapor pressure 
deficit, and soil water content.  
For A, E, gs, Fv’/Fm’, ΦPSII and qP in control, the model was: 
Yijklm = μ + Si + R(i)j + Dk + Gl + Mm + εijklm                     (1) 
where Yijklm is the response variable, μ is the intercept, Si is the set (incomplete block) 
effect, R(i)j is the replication nested in set effect (growth chamber), Dk is the day effect, Gl is the 
accession (genotypic) effect, Mm represents machine (gas analyzer) effects and εijklm is the 
residual. 
For A, E, gs, Fv’/Fm’, ΦPSII and qP in drought and recovery, the model was: 
 
Yijklmn = μ + Si + R(i)j + Dk + Gl + Mm + Tn + εijklmn                     (2) 
where Tn is leaf temperature effect.  
For Fv/Fm in control, drought and recovery, the model was: 
Yijkl = μ + Si + R(i)j + Dk + Gl + εijkl                     (3) 
In all models, day, leaf temperature and machine were considered fixed effects while set, 
replication nested in set and accession effects and residual sources of variability were considered 
as random effects. For each variable, values scaled to corresponding units were obtained based 
on Best Linear Unbiased Predictions (BLUPs) and used as phenotypes in a genome-wide 
association study (GWAS). The information for descriptive statistics including estimates of 
correlation coefficients were generated with PROC CORR in SAS 9.4.  
The intraclass correlation (h2) was estimated as:  
h2 = σ2G / [σ2G + (σ2ε/ r)]  
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where σ2G is the estimate of accession variance, σ2ε is the estimate of error variance and r 
is the number of replications = 2. The intraclass correlation, as estimated herein, provides an 
estimate of repeatability. 
Finally, three derived variables were obtained for each trait: i) cumulative response, 
calculated over all treatments as the area under the lines determined by all measurements (see 
supplementary Fig. S2); ii) the ratio between drought and control, and iii) the ratio between 
drought and recovery values.  
GWAS 
A genome-wide association study was performed for each trait using Tassel 5.12. A 
Mixed Linear Model was fitted, accounting for population structure (Q, fixed) and kinship (K, 
random) to minimize spurious associations (Zhang et al., 2010). Q matrix, which accounts for the 
effects of a structured population, was estimated using STRUCTURE 2.2.3 (Pritchard et al., 
2000), and K matrix, which accounts for the degree of relatedness among accessions, was 
estimated using SPAGeDi (Hardy and Vekemans, 2002), as reported in Mantilla Perez et al. 
(2014). 
A total of   ̴260,000 single nucleotide polymorphisms (SNPs) obtained with genotyping-
by-sequencing technology (Elshire et al., 2011) were used to estimate Q, K and in the association 
analysis. This set of publicly available markers (http://www.morrislab.org/data) were filtered 
with a threshold of <40% of missing data and minimum allele frequency of 5%. After filtering, a 
final set of 134,200 markers were retained for the analysis.  
QVALUE software was used to determine a significance threshold for marker trait 
associations. QVALUE implements calculation of False Discovery Rates, to control for false 




Analysis of Phenotypes 
The control of water supply performed by the irrigation system during the last three days 
of the drought treatment generated a range of VWC between 14.8 and 20.9% (Supplementary 
Table S1). Water treatments affected all traits, as expected, with the largest among-treatment 
differences observed between control and drought followed by differences between control and 
recovery (Fig. 1). In general, relative differences attributed to drought were greater for gas 
exchange variables (52-61%) than for chlorophyll fluorescence traits (3-44%).  gs was the 
variable with the largest decrease as a consequence of drought, relative to control, while Fv/Fm 
and A:E had the minimum response to stress (2% reduction).  
There were multiple significant estimates of correlation among traits within treatments 
(Supplemental Tables 2-4). Gas exchange variables were highly correlated with each other, and 
A was consistently correlated with ΦPSII in all water treatments (Supplemental Table S2, 
Supplemental Figs. S3-S4). Even though qP and Fv’/Fm’ were both highly correlated with ΦPSII, 
the correlation between the two former variables was low to intermediate within water treatments 
(r= 0.19-0.61) (Supplemental Tables S2-S4). In general, Fv/Fm was slightly correlated with all 
variables under non-stress (Supplemental Table S2) but those associations increased under 
drought and recovery (Supplemental Tables S3-S4). 
The analysis of variance confirmed that genotypes from the SAP present significant 
variation in all traits and water treatments, except for A:E during drought and recovery periods 
(Supplemental Table S5). Even though differences among accessions were larger than 




Figure 1. Box plots of gas exchange and chlorophyll fluorescence traits based on BLUPs for control, drought, and 
recovery periods. h2 = heritability; A= photosynthesis; E= transpiration, gs= stomatal conductance, Fv/Fm= maximum 
quantum yield of PSII, ΦPSII=effective quantum yield of PSII; Fv´/Fm´=efficiency of energy captured by open PSII 
reaction centers; qP=photo-chemical quenching or fraction of PSII reaction centers that are open, and A:E: ratio 
between photosynthesis and transpiration. 
effects were the highest under drought stress. Among the fixed effect factors, Tleaf was significant 
for most variables except gs in recovery, while machine was not significant for Fv’/Fm’ during the 
same period. In general, estimates of repeatability were intermediate (0.26-0.54), but low for 
Fv/Fm and A:E during the drought and recovery periods, ranging from 0.05 to 0.19 (Fig. 1). 
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Genome-Wide Association Results 
A total of 60 SNPs/genomic regions were significantly associated with seven 
photosynthetic traits throughout three water treatments and derived variables (Table 1, 
Supplementary table S6, Supplemental Fig. 5-12). Even though there were no markers 
consistently associated with a particular variable in different water treatments, there were cases 
in which SNPs/regions were significant for a particular trait-treatment, and its derived variable. 
For example, S5_42764230 was significant for E control and E cumulative response. GWA 
signals were detected in all chromosomes except 9, and included a variable number of SNPs, 
between one and 31 for a single trait. The percentage of phenotypic variation explained by a 
marker ranged from 5% to 12% (Table 1).  
We identified a total of 673 genes located within 55 kb from the significant SNPs 
obtained in the GWAs (Supplemental Table S7). This list includes genes with predicted 
functions related to membrane transporters, transcription factors, oxidative stress, protein 
kinases, and peroxidases, among others. Based on information available for their orthologs and 
previously reported gene expression studies, we identified a subset of 28 promising candidate 
genes related to photosynthesis and stress response, and we consider this list an important 
resource for future validation studies (Supplemental Table S7, colored in green).  
Markers located near a priori candidate genes were not significantly associated with any 
trait (Supplemental Table S8, Supplemental Figs. 5-12). However, in some cases, 
polymorphisms within these genes were close to the FDR threshold or presented the lowest p-
values, e.g. marker S3_55892519, close to ATP-dependent zinc metalloprotease (FTSH 11 
Sb03g028120), in gs control.  
In order to prioritize the most important findings, we developed a two-step strategy. First, 
we identified four genomic regions on chromosomes 1, 2, and 4 that contain one or more SNPs 
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Table 1. Summary of significant SNPs associated with photosynthesis and chlorophyll fluorescence traits during 






Chromosome R2 range 




A control 0.073 5.62E-07 1 (0.09-0.09) 1 
A recovery 0.132 5.64E-05 1,4,5,7,8,10 (0.051-0.104) 24 
A cumulative response 0.05 4.50E-07 4 (0.09-0.09) 1 
E drought 0.155 5.36E-06 4,5 (0.077-0.111) 3 
E recovery 0.13 2.03E-05 1,2,4,5,8,10 (0.06-0.115) 12 
E cumulative response 0.119 5.32E-06 2,4,5 (0.077-0.105) 5 
gs recovery 0.087 4.12E-05 1,2,3,4,5,7,8,10 (0.055-0.128) 31 
Fv'/Fm' recovery 0.059 9.45E-06 1,2,4,5,7 (0.064-0.128) 10 
Fv'/Fm' ratio DC 0.111 9.36E-07 4 (0.11-0.11) 1 
Fv'/Fm' cumulative response 0.184 4.98E-06 1,5 (0.074-0.095) 3 
ΦPSII ratio DC 0.157 1.28E-06 4 (0.108-0.108) 1 
ΦPSII recovery 0.127 1.95E-035 1,4 (0.059-0.104) 6 
qP control 0.177 1.30E-05 1,4,6,10 (0.066-0.089) 7 
A:E recovery 0.116 1.73E-06 10 (0.08-0.08) 1 
 
in LD significantly associated with multiple traits (Fig. 2, Table 2). Second, we detected 39 
SNPs co-localized with previously reported QTL for pre and post-anthesis abiotic stress response 
in sorghum (Supplemental Table S9) 
 
Table 2. Significant chromosomal regions delimited by multiple SNPs in linkage disequilibrium. SNPs in these 














A recovery, E recovery, gs recovery, ΦPSII recovery, 
Fv'/Fm' recovery 
5 
2 58963955  











E drought, E cumulative response, ΦPSII ratio drought-
control Fv'/Fm' ratio drought-control 
2 




Figure 2. Most relevant genome-wide association results for photosynthesis and chlorophyll fluorescence for further 
validation studies. Horizontal red line indicates significance threshold based on False Discovery Rate. Each single-
nucleotide polymorphism is represented by a dot. Shaded colored areas highlight the most interesting genomic 
regions consistently identified associated with both gas exchange and chlorophyll fluorescence traits. Each color 
represents a unique region defined by LD levels and described in Table 2. A= photosynthesis (μmol CO2 m-2 s-1); E= 
transpiration rate (mmol H20 m-2 s-1); gs= stomatal conductance (mol H20 m-2 s-1); ΦPSII=effective quantum yield of 
PSII; and Fv´/Fm´=efficiency of energy captured by open PSII reaction centers. Cum res= cumulative response; ratio 




Gas Exchange and Chlorophyll Fluorescence Traits 
 
The automated irrigation system used in the current investigation provided the ability to 
control the dry-down of potted plants during a seven-day period and was able to maintain a final 
VWC of 15% ±5 (chapter III, Supplementary Table S1). This precise soil water control is 
comparable to those attained with large scale automated phenotyping platforms (Granier et al., 
2006; Finkel, 2009; Junker et al., 2015). In genetic studies, it is particularly important to impose 
growing conditions that will assure homogeneous growth rates and phenological states for the 
unbiased comparison of genotypes and the discovery of QTL for the trait of interest (Collins et 
al., 2008). Furthermore, the rate of progression and duration of a drought event determine the 
type of stress response on plants (Mcdonald and Davies, 1996). As such, the methods 
implemented in this study were effective to provide a similar water stress level in all plants, 
increasing the chances of identifying loci associated with drought tolerance, as suggested by 
Collins et al (2008) and Blum (2011).  
The large range of variation in gas exchange variables observed in our study under non-
stress and drought conditions is in agreement with previous reports in sorghum (Kidambi et al., 
1990a; Peng et al., 1991; Balota et al., 2008; Xin et al., 2009; Salas Fernandez et al., 2015; Ortiz 
et al., 2017), and suggests that selection for genotypes with higher carbon fixation capacity is 
possible. Additionally, the intermediate h2 values obtained for A, E, and gs, are similar to those 
described by other groups (Hervé et al., 2001; Gu et al., 2012b; Ortiz et al., 2017). This reflects 
the challenge of characterizing gas exchange traits in diverse germplasm given the multiple 




In the current study, the decline in A observed under drought stress was coupled with 
proportional reductions in gs and E. This may imply that genotypic differences in photosynthetic 
performance are associated with stomatal closure, as noted by Cornic (2017). A:E presented non-
significant genotypic effects during the drought and recovery treatments, and a narrower range of 
values (Fig. 1) than reported elsewhere (Balota et al., 2008).  
In general, the range of phenotypic values observed in our study are in agreement with 
previous studies for drought (Yang et al., 2007; Guo et al., 2008; Kiani et al., 2008; Sukumaran 
et al., 2016). Chlorophyll fluorescence parameters have been extensively investigated to detect 
QTL related to abiotic stress response (Fracheboud et al., 2002; Yang et al., 2007; Guo et al., 
2008; Jung and Niyogi, 2009; Yin et al., 2010, 2015; Hao et al., 2012; Azam et al., 2014; 
Sukumaran et al., 2016; Ortiz et al., 2017), and have been successfully used as a selection tool 
for stress tolerance (Fracheboud et al., 1999).  
The observed Fv/Fm values under non-stress conditions are within the range reported in 
other C4 species (Björkman and Demmig, 1987; Fracheboud et al., 1999; Cousins et al., 2002) 
and its decline under drought and recovery treatments is indicative of photoinhibition, typical of 
stressed plants. However, other sorghum and sunflower studies have identified only small or 
negligible changes in this variable in response to drought (Maury et al., 1996; Kiani et al., 2008; 
Zegada-Lizarazu and Monti, 2013), probably due to differences in soil water content and light 
conditions.  
The reduction in ΦPSII in drought and recovery treatments can be explained by decreases 
in both energy capture (Fv’/Fm’) and the fraction of open reaction centers (qP). The significant 
drop in Fv’/Fm’ indicates a proportional excess energy dissipation as heat under stress, and the 
variability in the ratio control-drought for Fv’/Fm’ suggests that genotypes had large differences 
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in non-photochemical quenching (NPQ) capacity, as expected (Zegada-Lizarazu and Monti, 
2013).  
Genomic Regions Associated with Gas Exchange and Chlorophyll Fluorescence Traits 
The large number of SNPs/genomic regions identified and the low proportion of 
phenotypic variation explained (R2) by each region are consistent with the fact that 
photosynthetic traits are affected by multiple genes with small effect (Table 1). This complex 
genetic architecture has also been described in other gas exchange and chlorophyll fluorescence 
studies under non-stress and abiotic stress (Fracheboud et al., 2002; Hao et al., 2012; Strigens et 
al., 2013; van Rooijen et al., 2015), including sorghum in response to cold (Fiedler et al., 2014; 
Ortiz et al., 2017). Four genomic regions containing one or more SNPs in LD were significantly 
associated with multiple traits in our study (Fig. 2, Table 2) and represent promising targets for 
future validation studies. 
A set of 673 candidate genes within 55 kb from the significant SNPs/genomic regions 
were identified by searching for functional annotations related to photosynthesis and response to 
stress (Table 1, Supplemental Table S7). 
Control conditions  
Ten SNPs located on chromosomes 1, 4, 6, and 10 were associated with A and qP but 
none of them were previously identified under non-stress conditions (Ortiz et al., 2017). This 
discrepancy could be related to differences in the number of accessions utilized in both studies, 
plant-to-plant variation or growing conditions.  
None of the candidate genes close to significant markers had predicted functions related 
to photochemistry, carbon fixation or stomatal related processes. However, four genes close to 
polymorphisms associated with A are expressed in leaves (Davidson et al., 2012), i.e. a 
glycosyltransferase (Sb01g004130), a calcium-dependent protein kinase (Sb01g004150), a zinc 
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finger C3HC4 type domain containing protein (Sb01g004016), and a protein phosphatase 
(Sb01g004030). Additionally, marker S1_3299477 is located within a cytochrome P450 gene 
(CYT, Sb01g004060), which is involved in the synthesis of secondary metabolites and 
phytohormones (Morant et al., 2003).  
Three markers significant for qP are located within an RNA-binding KH domain-
containing protein (Sb01g018300), a protein kinase (Sb06g031570), and an exosome complex 
exonuclease (Sb06g031660). Gene Sb06g031840 is of special interest because it contains an IQ 
calmodulin-binding motif and is expressed in chloroplasts. Calmodulin is a gene family related 
to Ca2+ metabolism that plays an important role in ion homeostasis (Ranty et al., 2006) and 
regulates proteins involved in the electron transport chain (Hochmal et al., 2015).  
Drought stress  
Three SNPs/genomic regions were significantly associated with E, and some of them 
were coincidentally correlated with A cumulative response, E cumulative response, Fv’/Fm’ ratio 
drought-control, and ΦPSII ratio drought-control (Fig. 2).  
Plant responses to drought stress involve multiple interrelated processes that induce 
stomatal closure, production of osmoprotectants and protection against oxidative stress (Chaves 
et al., 2003). The regulation of these processes involves signal transduction and gene expression 
cascade events, where transcription factors, protein kinases and phosphatases play an important 
role. Considering these mechanisms, a MAP kinase gene (Sb04g031130), located 0.1 kb from 
marker S4_61122741 associated with E drought is an interesting candidate for further 
investigation. Although apparently this gene is not expressed in leaves, MAP kinases have been 
related to higher A under drought conditions (Shou et al., 2004). Two other genes within 5 kb 
from S4_61122741 are alternative candidates to explain the variability observed in E under 
drought stress: a peroxidase (Sb04g031120), and a protein kinase (Sb04g031140) expressed in 
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leaves (Davidson et al., 2012). Finally, Sb04g031810, located 7.2 and 27 kb from markers 
S4_61757012 and S4_61776859, encodes a protein of unknown function (DUF1264), that was 
differentially expressed in sorghum in response to drought (Pasini et al., 2014). 
Recovery treatment  
A total of 46 SNPs/genomic regions significantly associated with photosynthetic traits 
were detected in the recovery treatment, which contrasts with the limited number of regions 
discovered under drought conditions (Table 1). A possible explanation for these contrasting 
discoveries between treatments is that the variation in photoprotective capacity during the 
drought period facilitated the fast recovery of more tolerant accessions, enabling a better 
differentiation of lines during the recovery period.  
Our hypothesis is that genotypic variation in the photosynthetic response of sorghum to 
drought stress is mostly related to signaling and cell-mediated responses that trigger stomatal 
regulation and dehydration tolerance. This hypothesis is supported by the concomitant reduction 
in A, E and gs observed during the drought and recovery periods, suggesting that genes related to 
stomatal regulation were important under stress. Additionally, and in agreement with our 
hypothesis, numerous studies overexpressing genes involved in ABA-dependent and independent 
signaling pathways showed increases in drought tolerance, stomatal closure and water loss 
reductions (Yang et al., 2010). We found evidence that both mechanisms are important in 
sorghum.  
For the ABA-dependent signaling pathway, we identified: i) PYR1-like 4 (PYL4, 
Sb01g038150), member of a protein family of ABA receptors (Park et al., 2009); ii) calmodulin 
dependent protein kinase (CAMK, Sb01g017320), involved in Ca2+-stimulated protein 
phosphorylation (Harmon et al., 2001), and associated with enhanced tolerance to salt, cold and 
drought stress (Saijo et al., 2000); and iii) Sb01g003710, predicted to be a transcription factor 
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with a No Apical Meristem (NAC) domain. Interestingly, overexpression of a NAC transcription 
factor in rice plants induced drought tolerance and a better regulation of water loss through 
stomatal closure (Hu et al., 2006).  
As for the ABA-independent signaling pathway, we identified a candidate gene that 
encodes an AP2 transcription factor (Sb01g003670) close to S1_2949673 significantly associated 
with A recovery. AP2 genes are involved in an ABA-independent signaling cascade in response 
to drought (Pellegrineschi et al., 2004), affecting transpiration efficiency (Bhatnagar-Mathur et 
al., 2007).  We also identified other genes related to AP2 domains. DREB2A-interacting protein 
2 (DRIP2, Sb01g008520), within 2-44 kb from five markers significant for A and gs 
(S1_7320011, S1_7320028, S1_7320032, S1_7356148, and S1_7370295), is involved in the 
degradation of DREB2A (Qin et al., 2008), a transcription factor member of the AP2 gene family 
(Liu et al., 1998). A WRKY transcription factor (Sb01g008550), affecting the regulation of plant 
growth, and the response to biotic stresses (Ülker and Somssich, 2004; Chen et al., 2012) was 
within the same region on chromosome 1. Plants overexpressing a rice ortholog (OsWRKY11) 
showed enhanced drought tolerance, reduced water loss and significantly induced the expression 
of DREB2A (Wu et al., 2009). 
Our results suggest that genes related to protective mechanisms against oxidative stress 
and dehydration are also important for sorghum under drought. For example, we detected five 
peroxidases, involved in the prevention of oxidative stress damage that occurs under high light 
conditions (Mittler, 2002). In particular, gene Sb08g004880, close to significant polymorphisms 
for A, gs and E, is a stromal ascorbate peroxidase expressed in sorghum leaves in response to 
ABA (Dugas et al., 2011; Davidson et al., 2012) and upregulated under drought (Pasini et al., 
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2014). Interestingly, this gene was also associated with A and E in a previous GWAs, although 
under non-stress conditions (Ortiz et al., 2017).  
The list of genes related to dehydration protection include two heat shock protein genes: 
i) chloroplast heat shock protein 70-1 (CPHSC70-1, Sb01g011310), expressed in chloroplast, 
and ii) DnaJ (Sb07g004160), member of a family that function as RNA and protein chaperones, 
protecting the conformation of other proteins (Feder and Hofmann, 1999; Wang et al., 2004). 
Glutathione s-transferase theta 3 (GSTT3, Sb01g029240) is close to a significant SNP associated 
with A, gs and E, and related to detoxification and stress protection processes (Marrs, 1996). 
Members of this gene family are upregulated in response to stress (Glombitza et al., 2004; 
Chopra et al., 2015), and in sorghum differential expression of GST paralogs was reported under 
cold (Chopra et al., 2015; Ortiz et al., 2017), and drought (Pasini et al., 2014).  
The large variation observed in our study for chlorophyll fluorescence traits during the 
drought and recovery treatments implies that accessions presented variability in photoprotection 
mechanisms, affecting the efficiency of light reactions. Based on this, we hypothesize that genes 
related to excess light energy dissipation are important in sorghum. The finding of phytochrome 
interacting factor 3 (PIF3, Sb01g029220), close to a significant marker in ΦPSII and A in 
recovery supports our hypothesis. PIF3 is a transcription factor that represses phytoene synthase 
(PSY) activity, affecting chlorophyll and carotenoid accumulation in leaves (Moon et al., 2008; 
Toledo-Ortiz et al., 2014). When plants are exposed to excess light energy, the de-epoxidation of 
carotenoid pigments from the xanthophyll cycle increases the energy dissipation capacity as heat, 
in order to protect PSII. This reduces the utilization of light energy in photochemical processes 
(Demmig-Adams and Adams, 1994). Thus, it is possible that genotypic differences in carotenoid 
accumulation related to PIF3 explain the variations in ΦPSII. 
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Although stomatal limitations were the main factor explaining reductions in 
photosynthetic traits in our study, it is possible that metabolic constraints affected genotypic 
performance under drought (Lawlor, 2002). For instance, ATP synthase delta-subunit gene 
(ATPD, Sb01g008830), is located close to a marker associated with A, gs and E in recovery. 
ATPD is a component of the stromal ATP synthase that uses the H+ gradient established across 
the thylakoid membrane to power ATP synthesis (Nelson and Ben-Shem, 2004). This gene is 
highly expressed in sorghum leaves and in response to salinity and ABA (Dugas et al., 2011; 
Davidson et al., 2012). Additionally, we identified ADP glucose pyrophosphorylase 2, (ADG2 
Sb01g008940), close to markers in A, E and gs, expressed in chloroplasts. This gene is involved 
in the first rate-limiting step in starch biosynthesis and associated with sucrose and ABA content 
in plants (Akihiro et al., 2005). We also detected photosystem I assembly 3 (PSA3, 
Sb01g008440), near polymorphisms significant for A and gs, and related to the molecular 
assembly of PSI (Shen et al., 2017). 
For derived variables 
The analysis of cumulative response, ratio control-drought and ratio drought-recovery 
provide additional information to characterize the photosynthetic response of sorghum and 
facilitated the discovery of four SNPs/genomic regions. Cumulative response variables provide 
an idea of the overall response of a particular genotype to a drought event, while ratio variables 
differentiate genotypes for their relative response to drought and recovery.  
The candidate genes associated with derived variables were related to stress signaling, 
supporting the results obtained in the drought and recovery treatments. For example, a MAP 
kinase kinase gene (MAPKK, Sb04g031130), was 0.02 kb from marker S4_61122741, 
significantly associated with A cumulative response and E cumulative response (Supplementary 
Table S7). MAP kinases have been related to higher A under drought conditions (Shou et al., 
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2004). Interestingly, we also detected a histidine kinase gene (Sb01g010070), involved in 
cytokinin and ethylene signaling (Nongpiur et al., 2012), close to marker S1_8934452 in Fv’/Fm’ 
cumulative response. Studies with histidine kinase orthologous genes demonstrated their 
function as osmosensors, involved in the initial perception of water deficit (Urao et al., 1999).   
Comparison with Other Studies 
Multiple linkage mapping and GWAS have identified QTL for photosynthesis related 
traits. In general, multiple loci of small effects have been reported for both gas exchange and 
chlorophyll fluorescence traits, in agreement with our results. 
 QTL for chlorophyll fluorescence traits were identified in maize, rice, wheat, and 
sorghum under non-stress and abiotic stress conditions including cold (Fracheboud et al., 2002; 
Hund et al., 2004; Pimentel et al., 2005; Jompuk et al., 2005; Strigens et al., 2013; Ortiz et al., 
2017), drought (Yang et al., 2007; Guo et al., 2008; Kumar et al., 2012; Wehner et al., 2015; 
Sukumaran et al., 2016; Jiang et al., 2017) and salinity (Bo et al., 2009; Campbell et al., 2015). 
In sorghum, QTL have been reported for chlorophyll content and fluorescence in post-flowering 
stages under rainfed conditions (Sukumaran et al., 2016), and co-localized with several 
markers/genomic regions identified in our study (Supplementary Table S9): (i) S5_42764230, 
associated with Fv’/Fm’ cumulative response, and S5_9588341, S5_9588371, S5_9588375,  
S5_9589605, S5_9589610, and S5_9589630, associated with Fv’/Fm’ in recovery, are localized 
within SPAD_MN_2008; (ii) S6_59932272, S6_59577575, S6_60110274, S6_60110289, and 
S6_59980948, significant for qP in control, are co-localized with SPAD_MN_2011.2; (iii) 
S4_64314021, associated with qP in control, is found within SPAD_OT_2008. Additionally, 
markers identified for gas exchange traits were also detected within QTL reported by Sukumaran 
et al. (2016) (Supplementary Table S9). 
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QTL for gas exchange traits under non-stress and abiotic stress conditions have been 
reported in maize, sunflower, rice, wheat, soybean, barley, and sorghum (Hervé et al., 2001; 
Fracheboud et al., 2002; Teng et al., 2004; Zhao et al., 2008; Hu et al., 2009; Yin et al., 2010; Gu 
et al., 2012a; Yan et al., 2015; Liu et al., 2017; Xu et al., 2017). In sorghum, QTL were detected 
for A, E and A:E under two water level conditions, 40% and 80 % field capacity (Kapanigowda 
et al., 2014). We identified significant markers from our results that overlap with those reported 
by the authors: SNPs for A, E and gs in our study for recovery treatment were located within a 
QTL for E (E40%-E1–1) under 40% field capacity, detected on chromosome 1. Similarly, under 
80 % field capacity, a QTL for A (A80%-E1–1) was reported on chromosome 1, spanning a 
region that includes marker S1_18981548, associated with qP in control in our research. 
Most of the genetic studies for drought tolerance in sorghum have focused on post-
flowering stages. In particular, much importance was given to the stay-green trait considering its 
direct effect on grain yield under drought conditions. Stay-green lines are able to delay 
senescence sustaining leaf function for a longer period, which generates higher yields under post-
anthesis drought stress (Borrell et al., 2000). Even though in our study drought was imposed at a 
vegetative stage (eight to twelve expanded leaves), it is possible that responses to pre and post-
anthesis drought share common genes/QTL. Leaf senescence is a programmed process that can 
be hastened under environmental stress (Noodén et al., 1997). The finding of high levels of an 
osmoprotectant (dhurrin) in stay-green sorghum lines suggests that the protection of cell function 
is essential for sustaining photosynthesis under drought (Burke et al., 2013). The multiple 
genomic regions identified herein for drought and the incipient response in the recovery period 
could be related to a differential leaf function and senescence at later stages. The identification of 
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39 SNPs that are located within previously reported QTL for stay-green supports this idea 
(Supplementary Table S9). 
Concluding Remarks 
The present study aimed to elucidate the genetic architecture of photosynthesis in 
sorghum by exploiting natural variation under optimal growing conditions, in response to 
drought and during the subsequent recovery. The response to abiotic stress is complex in nature 
and involves the expression of multiple genes with small effects. To address this challenge, the 
GWAS presented herein were obtained using a large number of accessions and an appropriate 
experimental design. The most important  discoveries are: (i) there is large natural variation in 
gas exchange and chlorophyll fluorescence traits in response to non-stress, drought and recovery 
conditions; (ii) stomatal control was the main factor explaining reductions in gas exchange under 
drought and recovery treatments; (iii) sorghum lines presented a large A:E range under optimal 
growing conditions but minimal variation under drought and recovery; (iv) a total of four 
genomic regions were consistently associated with multiple traits, which makes them interesting 
targets for future validation studies; (v) we identified candidate genes related to stress signaling, 
carotenoid biosynthesis, oxidative stress protection, and carbon metabolism; and (vi) 39 
significant SNPs are co-localized with previously reported QTL for stay-green in sorghum. 
Finally, our results represent a valuable resource to select genotypes with enhanced tolerance to 
abiotic stress. The exploration of syntenic regions with other species such as maize, wheat and 
rice could also support breeding efforts to enhance carbon fixation capacity in commercially 
important crops.  
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Supplementary Figure S1. Graphical representation of soil water content treatments (control, drought and recovery periods). Arrows indicate 










Supplementary Figure S2. Graphical representation for the calculation of cumulative response over the three water treatment periods. The same calculation was 
performed for all variables. Partial areas between days were calculated and summed up for estimating the total value. Control and drought represent the trait 








Supplementary Figure S3. Photosynthesis (A) as a function of effective quantum yield of PSII (ΦPSII) in sorghum in control (30% VWC), drought (15 






Supplementary Figure S4. Photosynthesis (A) as a function of effective quantum yield of PSII (ΦPSII) in sorghum in control (30% VWC), drought (15 % VWC), 









Supplementary Figure S5. Genome-wide association study results for A in three soil water content treatments and in cumulative response, ratio drought-control 
and ratio drought-recovery using 324 diverse sorghum accessions. Horizontal red line indicates significance threshold. Green dots indicate the physical position 








Supplementary Figure S6. Genome-wide association study results for E in three soil water content treatments and in cumulative response, ratio drought-control 
and ratio drought-recovery using 324 diverse sorghum accessions. Horizontal red line indicates significance threshold. Green dots indicate the physical position 









Supplementary Figure S7. Genome-wide association study results for gs in three soil water content treatments and in cumulative response, ratio drought-control 
and ratio drought-recovery using 324 diverse sorghum accessions. Horizontal red line indicates significance threshold. Green dots indicate the physical position 








Supplementary Figure S8. Genome-wide association study results for Fv/Fm in three soil water content treatments and in cumulative response, ratio drought-
control and ratio drought-recovery using 324 diverse sorghum accessions. Green dots indicate the physical position of a priori candidate genes. Each single-






Supplementary Figure S9. Genome-wide association study results for Fv’/Fm’ in three soil water content treatments and in cumulative response, ratio drought-
control and ratio drought-recovery using 324 diverse sorghum accessions. Horizontal red line indicates significance threshold. Green dots indicate the physical 










Supplementary Figure S10. Genome-wide association study results for φPSII in three soil water content treatments and in cumulative response, ratio drought-
control and ratio drought-recovery using 324 diverse sorghum accessions. Horizontal red line indicates significance threshold. Green dots indicate the physical 







Supplementary Figure S11. Genome-wide association study results for qP in three soil water content treatments and in cumulative response, ratio drought-control 
and ratio drought-recovery using 324 diverse sorghum accessions. Horizontal red line indicates significance threshold. Green dots indicate the physical position 











Supplementary Figure S12. Genome-wide association study results for A:E ratio in three soil water content treatments using 324 diverse sorghum accessions. 
Horizontal red line indicates significance threshold. Green dots indicate the physical position of a priori candidate genes. Each single-nucleotide polymorphism 





Supplemental Table S2. Phenotypic correlations between photosynthesis and chlorophyll fluorescence traits based 
on BLUPs in control period. 
  Correlation (r) 
Traits A E gs Fv/Fm Fv'/Fm' φPSII qP A:E 
A -        
E 0.77*** -       
gs 0.82*** 0.9*** -      
Fv/Fm 0.22*** 0.09 0.13* -     
Fv'/Fm' 0.68*** 0.51*** 0.6*** 0.42*** -    
φPSII 0.83*** 0.59*** 0.71*** 0.28*** 0.77*** -   
qP 0.61*** 0.42*** 0.52*** 0.04 0.3*** 0.8*** -  
A:E -0.05 -0.66*** -0.45*** 0.11 -0.02 0.04 0.05 - 
A= photosynthesis (μmol CO2 m-2 s-1) ; E= transpiration rate (mmol H20 m-2 s-1), gs= stomatal conductance  (mol H20 
m-2 s-1), Fv/Fm = maximum quantum yield of PSII, ΦPSII=effective quantum yield of PSII; Fv´/Fm´=efficiency of 
energy captured by open PSII reaction centers , qP=photo-chemical quenching or fraction of PSII reaction centers 
that are open, and A:E= ratio A:E; *Significant at P < 0.05;** Significant at P < 0.01;*** Significant at P < 0.001 
 
Supplemental Table S3. Phenotypic correlations between photosynthetic and chlorophyll fluorescence traits based 
on BLUPs in drought period 
  Correlation (r) 
Traits A E gs Fv/Fm Fv'/Fm' φPSII qP A:E 
A -        
E 0.98*** -       
gs 0.98*** 0.99*** -      
Fv/Fm 0.4*** 0.39*** 0.4*** -     
Fv'/Fm' 0.86*** 0.86*** 0.86*** 0.49*** -    
φPSII 0.97*** 0.95*** 0.96*** 0.41*** 0.87*** -   
qP 0.88*** 0.85*** 0.84*** 0.25*** 0.61*** 0.91*** -  
A:E 0.01 -0.17** -0.12* -0.02 -0.09 -0.02 0.07 - 
A= photosynthesis (μmol CO2 m-2 s-1) ; E= transpiration rate (mmol H20 m-2 s-1), gs= stomatal conductance  (mol H20 
m-2 s-1), Fv/Fm = maximum quantum yield of PSII, ΦPSII=effective quantum yield of PSII; Fv´/Fm´=efficiency of 
energy captured by open PSII reaction centers , qP=photo-chemical quenching or fraction of PSII reaction centers 








Supplemental Table S4. Phenotypic correlations between photosynthetic and chlorophyll fluorescence traits based 
on BLUPs in recovery period. 
  Correlation (r) 
Traits A E gs Fv/Fm Fv'/Fm' φPSII qP A:E 
A -        
E 0.85*** -       
gs 0.91*** 0.95*** -      
Fv/Fm 0.32*** 0.31*** 0.33*** -     
Fv'/Fm' 0.75*** 0.69*** 0.74*** 0.33*** -    
φPSII 0.88*** 0.74*** 0.8*** 0.27*** 0.8*** -   
qP 0.59*** 0.42*** 0.48*** 0.04 0.19*** 0.73*** -  
A:E -0.05 -0.52*** -0.35*** -0.03 -0.15** -0.02 0.13* - 
A= photosynthesis (μmol CO2 m-2 s-1) ; E= transpiration rate (mmol H20 m-2 s-1), gs= stomatal conductance  (mol H20 
m-2 s-1), Fv/Fm = maximum quantum yield of PSII, ΦPSII=effective quantum yield of PSII; Fv´/Fm´=efficiency of 
energy captured by open PSII reaction centers , qP=photo-chemical quenching or fraction of PSII reaction centers 








Supplemental Table S5. Analysis of variance of photosynthesis and chlorophyll fluorescence traits in in control, drought and recovery periods 













DF F Value Pr > F 
Day 2 700 0.70 0.4961  2 694 112.72 <.0001  1 699 400.70 <.0001 
machine 2 323 19.22 <.0001  2 366 24.61 <.0001  2 58.4 24.07 <.0001 
tleaf      1 1901 486.98 <.0001  1 582 1.10 0.2947 













value     
set 0.00 0.078    0.00 0.000    0.00 0.038   
Rep(set) 0.00 0.000    0.00 0.000    0.00 0.094   
Geno 0.00 0.000       0.00 0.000       0.00 0.000     
               













DF F Value Pr > F 
Day 2 695 6.22 0.0021  2 692 129.81 <.0001  1 711 474.13 <.0001 













value     
set 0.00 0.000    0.00 0.000    0.00 0.403   
Rep(set) 0.00 0.655    0.00 0.054    0.00 0.004   












Supplemental Table S5. (continued) 













DF F Value Pr > F 
Day 2 693 1.46 0.2332  2 685 148.89 <.0001  1 705 211.03 <.0001 
machine 2 393 7.76 0.0005  2 206 27.79 <.0001  2 121 0.19 0.8264 
tleaf      1 1864 349.36 <.0001  1 937 15.56 <.0001 













value     
set 0.00 0.046    0.00 0.000    0.00 0.480   
Rep(set) 0.00 0.000    0.00 0.000    0.00 0.004   
Geno 0.00 0.000       0.00 0.000       0.00 0.000     
               













DF F Value Pr > F 
Day 2 692 6.09 0.0024  2 691 121.84 <.0001  1 707 399.53 <.0001 
machine 2 301 30.09 <.0001  2 268 67.61 <.0001  2 47.9 14.87 <.0001 
tleaf      1 1899 372.46 <.0001  1 435 25.75 <.0001 













value     
set 0.00 0.046    0.00 0.000    0.00 0.078   
Rep(set) 0.00 0.000    0.00 0.000    0.00 0.403   











Supplemental Table S5. (continued) 













DF F Value Pr > F 
Day 2 690 5.29 0.0053  2 686 79.09 <.0001  1 713 289.81 <.0001 
machine 2 151 44.54 <.0001  2 249 84.45 <.0001  2 108 34.61 <.0001 
tleaf      1 1962 279.64 <.0001  1 883 11.40 0.0008 













value     
set 0.00 0.034    0.01 0.000    0.00 0.074   
Rep(set) 0.00 0.002    0.00 0.000    0.00 0.021   
Geno 0.00 0.000       0.00 0.000       0.00 0.000     
               













DF F Value Pr > F 
Day 2 702 0.50 0.6076  2 689 6.14 0.0023  1 712 0.29 0.5909 
machine 2 683 61.59 <.0001  2 407 15.14 <.0001  2 678 13.67 <.0001 
tleaf      1 1735 123.45 <.0001  1 1321 7.48 0.0063 













value     
set 0.00 1.000    0.47 0.006    0.37 0.032   
Rep(set) 0.23 0.000    0.12 0.000    0.19 0.000   









Supplementary Table S6. Summary of GWAs results for gas exchange and chlorophyll fluorescence traits in control, drought 
and recovery periods, and derived variables cumulative response, and ratio drought-recovery. 
Trait Treatment Chromosome Marker p value q value R2 
A control 1 S1_3299477 5.62E-07 0.073470464 0.09042 
A recovery 1 S1_2949673 1.67E-05 0.131703827 0.06201 
  1 S1_7320011 3.34E-05 0.131703827 0.06485 
  1 S1_7356148 5.59E-05 0.131703827 0.05153 
  1 S1_7370295 4.86E-05 0.131703827 0.05488 
  1 S1_7663160 2.76E-05 0.131703827 0.07558 
  1 S1_7691839 4.15E-05 0.131703827 0.06475 
  1 S1_8002459 5.60E-05 0.131703827 0.05301 
  1 S1_8152122 2.00E-05 0.131703827 0.07696 
  1 S1_8612970 2.91E-05 0.131703827 0.07238 
  1 S1_8621860 5.64E-05 0.131703827 0.06206 
  1 S1_8777957 3.02E-05 0.131703827 0.07877 
  1 S1_10003241 9.56E-06 0.131703827 0.08814 
  1 S1_10025602 8.94E-06 0.131703827 0.10366 
  1 S1_10172070 3.03E-05 0.131703827 0.07289 
  1 S1_11229843 1.10E-05 0.131703827 0.07846 
  1 S1_11229844 1.10E-05 0.131703827 0.07846 
  1 S1_26706152 5.59E-05 0.131703827 0.06047 
  1 S1_48981201 3.57E-05 0.131703827 0.07915 
  1 S1_51100106 3.27E-05 0.131703827 0.0554 
  1 S1_51100116 3.27E-05 0.131703827 0.0554 
  1 S1_51100176 3.01E-05 0.131703827 0.07037 
  1 S1_51100209 3.01E-05 0.131703827 0.07037 
  1 S1_51420743 3.01E-05 0.131703827 0.06663 
  1 S1_61726216 5.40E-05 0.131703827 0.06515 







Supplemental Table S6. (continued) 
  1 S1_61729859 5.34E-05 0.131703827 0.05977 
  4 S4_3814427 4.53E-05 0.131703827 0.05741 
  4 S4_3823650 3.93E-05 0.131703827 0.06192 
  4 S4_3823654 4.39E-05 0.131703827 0.05822 
  5 S5_3355698 8.91E-06 0.131703827 0.07011 
  5 S5_59228941 3.61E-05 0.131703827 0.06706 
  5 S5_59228968 5.19E-05 0.131703827 0.06817 
  7 S7_12865678 2.22E-05 0.131703827 0.06095 
  7 S7_13086524 4.46E-05 0.131703827 0.05343 
  7 S7_13086535 3.70E-05 0.131703827 0.05592 
  7 S7_13086537 3.79E-05 0.131703827 0.05583 
  7 S7_13086538 3.65E-05 0.131703827 0.05605 
  8 S8_1292148 2.16E-05 0.131703827 0.08357 
  8 S8_6112580 3.83E-05 0.131703827 0.06184 
  8 S8_6269394 1.07E-05 0.131703827 0.08089 
  10 S10_16057480 5.15E-05 0.131703827 0.0513 
  10 S10_16803467 1.95E-05 0.131703827 0.07025 
  10 S10_17059423 5.20E-05 0.131703827 0.0697 
  10 S10_17059425 5.20E-05 0.131703827 0.0697 
  10 S10_17059456 1.87E-05 0.131703827 0.07914 
  10 S10_17060480 4.49E-05 0.131703827 0.05291 
  10 S10_17670660 1.28E-05 0.131703827 0.06599 
    10 S10_17919861 1.14E-05 0.131703827 0.06455 
A cumulative response 4 S4_61122741 4.50E-07 0.049850676 0.08955 
E drought 4 S4_61122741 2.77E-06 0.120963506 0.0818 
  4 S4_61757012 5.36E-06 0.155113625 0.08562 
  4 S4_61776859 1.36E-06 0.120963506 0.1106 
    5 S5_42764230 3.13E-06 0.120963506 0.07683 






Supplemental Table S6. (continued) 
  1 S1_8777957 1.68E-05 0.122096252 0.08627 
  1 S1_10025602 6.15E-06 0.122096252 0.11254 
  2 S2_5679675 1.32E-06 0.050600719 0.09104 
  2 S2_5680569 1.61E-05 0.122096252 0.06266 
  2 S2_58963955 2.91E-07 0.033592914 0.11474 
  2 S2_70749331 1.21E-05 0.122096252 0.06071 
  4 S4_5723712 1.79E-05 0.122096252 0.06746 
  4 S4_5723722 1.79E-05 0.122096252 0.06746 
  4 S4_5723735 1.79E-05 0.122096252 0.06746 
  4 S4_5723965 1.24E-05 0.122096252 0.06905 
  4 S4_5723985 1.24E-05 0.122096252 0.06905 
  5 S5_3355698 5.96E-07 0.034354345 0.08724 
  5 S5_62168822 1.15E-05 0.122096252 0.06563 
  8 S8_5900864 1.44E-05 0.122096252 0.09581 
  8 S8_6112580 2.03E-05 0.130280457 0.06431 
  10 S10_17216310 1.80E-05 0.122096252 0.0603 
    10 S10_17216319 1.80E-05 0.122096252 0.0603 
gs recovery 1 S1_5689384 3.94E-05 0.08653407 0.05875 
  1 S1_7320011 3.74E-05 0.08653407 0.06117 
  1 S1_7320028 3.05E-05 0.085416636 0.06453 
  1 S1_7320032 3.05E-05 0.085416636 0.06453 
  1 S1_7663160 6.16E-06 0.085416636 0.08593 
  1 S1_7691839 2.66E-05 0.085416636 0.06922 
  1 S1_8002459 3.01E-05 0.085416636 0.05724 
  1 S1_8152122 3.14E-05 0.085416636 0.0698 
  1 S1_8612970 1.72E-05 0.085416636 0.08198 
  1 S1_8777957 9.63E-06 0.085416636 0.08959 
  1 S1_10003241 9.41E-06 0.085416636 0.08975 







Supplemental Table S6. (continued) 
  1 S1_11229843 4.12E-05 0.08653407 0.06943 
  1 S1_11229844 4.12E-05 0.08653407 0.06943 
  1 S1_17880348 2.78E-05 0.085416636 0.06394 
  2 S2_5679675 6.20E-06 0.085416636 0.07823 
  2 S2_5680569 2.89E-05 0.085416636 0.05949 
  2 S2_58963955 6.04E-08 0.005918204 0.12832 
  2 S2_67521242 3.31E-05 0.085416636 0.05647 
  2 S2_70749331 1.78E-05 0.085416636 0.05968 
  3 S3_56905719 3.17E-05 0.085416636 0.06959 
  4 S4_5723712 1.16E-05 0.085416636 0.07175 
  4 S4_5723722 1.16E-05 0.085416636 0.07175 
  4 S4_5723735 1.16E-05 0.085416636 0.07175 
  4 S4_5723965 5.22E-06 0.085416636 0.07679 
  4 S4_5723985 5.22E-06 0.085416636 0.07679 
  4 S4_46364030 2.98E-05 0.085416636 0.05609 
  4 S4_46364036 2.98E-05 0.085416636 0.05609 
  4 S4_46364048 2.98E-05 0.085416636 0.05609 
  4 S4_54374776 2.02E-05 0.085416636 0.08401 
  4 S4_54915096 3.16E-05 0.085416636 0.06467 
  5 S5_3355698 1.04E-07 0.005918204 0.10177 
  5 S5_59228941 4.34E-06 0.085416636 0.08296 
  5 S5_59228968 1.25E-05 0.085416636 0.078 
  5 S5_62168822 1.41E-05 0.085416636 0.06521 
  5 S5_62168880 2.89E-05 0.085416636 0.06598 
  5 S5_62168893 2.89E-05 0.085416636 0.06598 
  7 S7_12865678 3.55E-05 0.08653407 0.05693 
  7 S7_13086524 3.26E-05 0.085416636 0.05579 
  7 S7_13086535 3.76E-05 0.08653407 0.05575 
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  7 S7_13086538 3.75E-05 0.08653407 0.05578 
  7 S7_58584926 2.50E-05 0.085416636 0.06759 
  8 S8_881633 3.12E-05 0.085416636 0.08735 
  8 S8_881693 3.97E-05 0.08653407 0.05951 
  8 S8_4642875 2.10E-05 0.085416636 0.06761 
  8 S8_5949187 3.31E-05 0.085416636 0.05911 
  8 S8_6112580 1.06E-05 0.085416636 0.06992 
  8 S8_6112866 2.42E-05 0.085416636 0.07511 
  10 S10_16803467 4.03E-05 0.08653407 0.06333 
  10 S10_17216310 3.24E-05 0.085416636 0.05734 
  10 S10_17216319 3.24E-05 0.085416636 0.05734 
  10 S10_17424736 3.17E-05 0.085416636 0.05467 
    10 S10_17670660 2.38E-05 0.085416636 0.06176 
E cumulative response 2 S2_5742374 5.32E-06 0.118576439 0.10309 
  2 S2_58963955 4.17E-06 0.11621642 0.09492 
  4 S4_61122741 3.62E-07 0.040416993 0.09437 
  4 S4_61776859 3.46E-06 0.11621642 0.10521 
    5 S5_42764230 3.09E-06 0.11621642 0.07685 
Fv'/Fm' recovery 1 S1_8002459 8.50E-06 0.058684402 0.06365 
  1 S1_10025602 4.22E-07 0.044573376 0.12806 
  1 S1_11229843 3.63E-06 0.058684402 0.08399 
  1 S1_11229844 3.63E-06 0.058684402 0.08399 
  1 S1_19558512 5.15E-06 0.058684402 0.07089 
  1 S1_26706152 5.26E-06 0.058684402 0.08053 
  2 S2_58963955 2.61E-06 0.058684402 0.09408 
  4 S4_3929400 7.63E-06 0.058684402 0.08497 
  5 S5_9588341 8.35E-06 0.058684402 0.08134 
  5 S5_9588371 8.35E-06 0.058684402 0.08134 







Supplemental Table S6. (continued) 
  5 S5_9589605 9.45E-06 0.058684402 0.08401 
  5 S5_9589610 9.45E-06 0.058684402 0.08401 
  5 S5_9589630 9.45E-06 0.058684402 0.08401 
  5 S5_62168822 5.31E-06 0.058684402 0.07 
  7 S7_5256995 5.34E-06 0.058684402 0.08663 
    7 S7_59050234 7.72E-06 0.058684402 0.08043 
Fv'/Fm' cumulative response 1 S1_8934452 4.97E-06 0.184332422 0.09475 
  1 S1_49906006 4.18E-06 0.184332422 0.08843 
    5 S5_42764230 4.98E-06 0.184332422 0.07418 
Fv'/Fm' ratio DC 4 S4_61776859 9.36E-07 0.111491355 0.10985 
φPSII recovery 1 S1_10025602 1.42E-05 0.117732462 0.10414 
  1 S1_19558512 1.13E-05 0.117732462 0.07165 
  1 S1_48981201 5.33E-06 0.117732462 0.09335 
  1 S1_51100106 1.95E-05 0.126505523 0.05887 
  1 S1_51100116 1.95E-05 0.126505523 0.05887 
  1 S1_51100176 9.60E-06 0.117732462 0.07636 
  1 S1_51100209 9.60E-06 0.117732462 0.07636 
  4 S4_3814427 1.59E-05 0.117732462 0.06796 
  4 S4_3823650 1.32E-05 0.117732462 0.06944 
  4 S4_3823654 1.60E-05 0.117732462 0.06482 
  4 S4_3836151 6.30E-06 0.117732462 0.07512 
  4 S4_3929400 1.98E-06 0.117732462 0.10291 
  4 S4_5723712 1.43E-05 0.117732462 0.07183 
  4 S4_5723722 1.43E-05 0.117732462 0.07183 
  4 S4_5723735 1.43E-05 0.117732462 0.07183 
  4 S4_5723965 5.97E-06 0.117732462 0.08114 
    4 S4_5723985 5.97E-06 0.117732462 0.08114 
φPSII ratio DC 4 S4_61776859 1.28E-06 0.156874658 0.10768 






Supplemental Table S6. (continued) 
  1 S1_18981548 1.08E-05 0.176532709 0.06616 
  4 S4_64314021 1.23E-05 0.176532709 0.07055 
  6 S6_59577575 7.73E-06 0.176532709 0.07246 
  6 S6_59932272 2.66E-06 0.176532709 0.08758 
  6 S6_59980948 1.22E-05 0.176532709 0.07042 
  6 S6_60110274 8.79E-06 0.176532709 0.0705 
  6 S6_60110289 8.79E-06 0.176532709 0.0705 
    10 S10_9792811 1.30E-05 0.176532709 0.08948 
A:E recovery 10 S10_6278477 1.73E-06 0.11598301 0.08039 
    10 S10_6278507 1.73E-06 0.11598301 0.08039 
 
 
Supplemental table S7. Complete list of sorghum genes localized ± 55 kb of significant SNPs 





























S1_8152122 -8.7 -10.5 0.070 3.14E-05 0.085 gs recovery 
S1_8152122 -8.7 -10.5 0.077 2.00E-05 0.132 A recovery 





S2_67521242 33.6 31.6 0.056 3.31E-05 0.085 gs recovery 
20S proteasome 




















































S1_2949673 37.6 35.2 0.062 1.67E-05 0.132 A recovery 






S5_62168822 26.3 23.7 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 26.3 23.7 0.066 1.15E-05 0.122 E recovery 
S5_62168880 26.3 23.7 0.066 2.89E-05 0.085 gs recovery 
S5_62168893 26.3 23.7 0.066 2.89E-05 0.085 gs recovery 




S1_10003241 -26.1 -30.4 0.090 9.41E-06 0.085 gs recovery 
S1_10003241 -26.1 -30.4 0.088 9.56E-06 0.132 A recovery 
S1_10025602 -3.7 -8.0 0.120 2.57E-06 0.085 gs recovery 




S1_10025602 -3.7 -8.0 0.104 1.42E-05 0.118 ΦPSII recovery 
S1_10025602 -3.7 -8.0 0.104 8.94E-06 0.132 A recovery 
S1_10025602 -3.7 -8.0 0.113 6.15E-06 0.122 E recovery 












Supplemental Table S7. (continued) 
actin 7 Sb01g017430 8 
17909347-
17912704 
S1_17880348 -29.0 -32.4 0.064 2.78E-05 0.085 gs recovery 
actin 7 Sb08g003970 8 
4664114-
4666555 






S1_8612970 34.8 32.7 0.082 1.72E-05 0.085 gs recovery 
S1_8612970 34.8 32.7 0.072 2.91E-05 0.132 A recovery 
S1_8621860 43.7 41.6 0.062 5.64E-05 0.132 A recovery 
actin-11 Sb01g010030 1 
8879131-
8881628 


















S1_8002459 -23.1 -25.2 0.057 3.01E-05 0.085 gs recovery 































S1_10003241 49.8 47.4 0.090 9.41E-06 0.085 gs recovery 








































S1_10003241 46.7 43.4 0.090 9.41E-06 0.085 gs recovery 
S1_10003241 46.7 43.4 0.088 9.56E-06 0.132 A recovery 
ADP glucose 
pyrophosphorylase 




S1_7663160 -29.0 -34.8 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 -29.0 -34.8 0.076 2.76E-05 0.132 A recovery 
S1_7663160 -29.0 -34.8 0.088 5.55E-06 0.122 E recovery 
S1_7691839 -0.3 -6.1 0.069 2.66E-05 0.085 gs recovery 
S1_7691839 -0.3 -6.1 0.065 4.15E-05 0.132 A recovery 










S1_7663160 -14.0 -17.0 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 -14.0 -17.0 0.076 2.76E-05 0.132 A recovery 
S1_7663160 -14.0 -17.0 0.088 5.55E-06 0.122 E recovery 
S1_7691839 14.7 11.7 0.069 2.66E-05 0.085 gs recovery 







S1_10003241 10.7 6.9 0.090 9.41E-06 0.085 gs recovery 
S1_10003241 10.7 6.9 0.088 9.56E-06 0.132 A recovery 
S1_10025602 33.1 29.3 0.120 2.57E-06 0.085 gs recovery 




S1_10025602 33.1 29.3 0.104 1.42E-05 0.118 ΦPSII recovery 
S1_10025602 33.1 29.3 0.104 8.94E-06 0.132 A recovery 






S1_8002459 -0.7 -2.1 0.057 3.01E-05 0.085 gs recovery 
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S1_8777957 -2.5 -6.5 0.090 9.63E-06 0.085 gs recovery 
S1_8777957 -2.5 -6.5 0.079 3.02E-05 0.132 A recovery 





















S8_881633 16.2 12.6 0.087 3.12E-05 0.085 gs recovery 
S8_881693 16.3 12.7 0.060 3.97E-05 0.087 gs recovery 
Alpha-1,4-glucan-





S6_59932272 -4.5 -5.5 0.088 2.66E-06 0.177 qP control 
S6_59980948 44.2 43.1 0.070 1.22E-05 0.177 qP control 
Alpha-L RNA-binding 
motif/Ribosomal protein 




S6_59980948 -31.6 -33.5 0.070 1.22E-05 0.177 qP control 
amino acid permease 2 Sb08g004810 8 
5976226-
5977674 
S8_5949187 -27.0 -28.5 0.059 3.31E-05 0.085 gs recovery 
amino acid permease 2 Sb08g004960 8 
6226628-
6228271 
S8_6269394 42.8 41.1 0.081 1.07E-05 0.132 A recovery 
amino acid permease 2 Sb08g004980 8 
6253081-
6255105 
S8_6269394 16.3 14.3 0.081 1.07E-05 0.132 A recovery 
amino acid permease 2 Sb08g005000 8 
6323190-
6325238 
S8_6269394 -53.8 -55.8 0.081 1.07E-05 0.132 A recovery 
amino acid permease 3 Sb08g004990 8 
6281489-
6283693 
S8_6269394 -12.1 -14.3 0.081 1.07E-05 0.132 A recovery 
amino acid permease 6 Sb08g004915 8 
6154129-
6155061 
S8_6112580 -41.5 -42.5 0.070 1.06E-05 0.085 gs recovery 
S8_6112580 -41.5 -42.5 0.062 3.83E-05 0.132 A recovery 
S8_6112580 -41.5 -42.5 0.064 2.03E-05 0.130 E recovery 









Supplemental Table S7. (continued) 
amino acid permease 7 Sb06g031530 6 
59888275-
59890827 






S10_6278477 7.7 -0.4 0.080 1.73E-06 0.116 A:E recovery 
S10_6278507 7.7 -0.4 0.080 1.73E-06 0.116 A:E recovery 
AMP-dependent 





S6_59577575 -39.8 -63.3 0.072 7.73E-06 0.177 qP control 





S1_7663160 4.1 2.3 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 4.1 2.3 0.076 2.76E-05 0.132 A recovery 
S1_7663160 4.1 2.3 0.088 5.55E-06 0.122 E recovery 
S1_7691839 32.8 31.0 0.069 2.66E-05 0.085 gs recovery 
S1_7691839 32.8 31.0 0.065 4.15E-05 0.132 A recovery 





S1_7663160 0.4 -1.4 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 0.4 -1.4 0.076 2.76E-05 0.132 A recovery 
S1_7663160 0.4 -1.4 0.088 5.55E-06 0.122 E recovery 
S1_7691839 29.1 27.3 0.069 2.66E-05 0.085 gs recovery 
S1_7691839 29.1 27.3 0.065 4.15E-05 0.132 A recovery 





S4_46364030 54.6 48.6 0.056 2.98E-05 0.085 gs recovery 
S4_46364036 54.6 48.7 0.056 2.98E-05 0.085 gs recovery 
S4_46364048 54.6 48.7 0.056 2.98E-05 0.085 gs recovery 





S4_46364030 45.0 38.2 0.056 2.98E-05 0.085 gs recovery 
S4_46364036 45.0 38.2 0.056 2.98E-05 0.085 gs recovery 
S4_46364048 45.0 38.2 0.056 2.98E-05 0.085 gs recovery 





S5_62168822 -3.2 -6.0 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 -3.2 -6.0 0.066 1.15E-05 0.122 E recovery 
S5_62168880 -3.1 -5.9 0.066 2.89E-05 0.085 gs recovery 
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S10_17919861 -21.4 -24.6 0.065 1.14E-05 0.132 A recovery 
anthranilate synthase 
















S1_17880348 -2.6 -4.0 0.064 2.78E-05 0.085 gs recovery 
Arabidopsis protein 











S2_70749331 0.4 -2.0 0.060 1.78E-05 0.085 gs recovery 






S4_54374776 46.1 41.3 0.084 2.02E-05 0.085 gs recovery 
ARM-
repeat/Tetratricopepti





S4_54374776 -3.7 -7.7 0.084 2.02E-05 0.085 gs recovery 











S1_7663160 48.2 46.7 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 48.2 46.7 0.076 2.76E-05 0.132 A recovery 








S8_5900864 -34.7 -38.7 0.096 1.44E-05 0.122 E recovery 






S8_1292148 60.8 54.6 0.084 2.16E-05 0.132 A recovery 
Auxin-responsive 
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S1_7356148 -50.5 -53.2 0.052 5.59E-05 0.132 A recovery 








S1_11229843 -29.5 -32.2 0.069 4.12E-05 0.087 gs recovery 




S1_11229843 -29.5 -32.2 0.078 1.10E-05 0.132 A recovery 
S1_11229844 -29.5 -32.2 0.069 4.12E-05 0.087 gs recovery 












S1_51100106 43.5 42.6 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100106 43.5 42.6 0.055 3.27E-05 0.132 A recovery 
S1_51100116 43.5 42.6 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100116 43.5 42.6 0.055 3.27E-05 0.132 A recovery 
S1_51100176 43.5 42.6 0.076 9.60E-06 0.118 ΦPSII recovery 
S1_51100176 43.5 42.6 0.070 3.01E-05 0.132 A recovery 
S1_51100209 43.6 42.7 0.076 9.60E-06 0.118 ΦPSII recovery 








S1_51100106 39.3 38.3 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100106 39.3 38.3 0.055 3.27E-05 0.132 A recovery 
S1_51100116 39.4 38.3 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100116 39.4 38.3 0.055 3.27E-05 0.132 A recovery 
S1_51100176 39.4 38.4 0.076 9.60E-06 0.118 ΦPSII recovery 
S1_51100176 39.4 38.4 0.070 3.01E-05 0.132 A recovery 
S1_51100209 39.4 38.4 0.076 9.60E-06 0.118 ΦPSII recovery 























S4_54915096 31.0 28.3 0.065 3.16E-05 0.085 gs recovery 





S8_1292148 -35.6 -38.3 0.084 2.16E-05 0.132 A recovery 
Bifunctional 
inhibitor/lipid-transfer 






S1_8777957 -45.2 -45.6 0.090 9.63E-06 0.085 gs recovery 
S1_8777957 -45.2 -45.6 0.079 3.02E-05 0.132 A recovery 
S1_8777957 -45.2 -45.6 0.086 1.68E-05 0.122 E recovery 
Bifunctional 
inhibitor/lipid-transfer 







S1_10172070 35.7 35.1 0.073 3.03E-05 0.132 A recovery 
Bifunctional 
inhibitor/lipid-transfer 







S1_51420743 -20.8 -21.7 0.067 3.01E-05 0.132 A recovery 
Bifunctional 
inhibitor/lipid-transfer 







S2_67521242 7.5 5.6 0.056 3.31E-05 0.085 gs recovery 
Bifunctional 
inhibitor/lipid-transfer 














S4_61757012 26.1 25.4 0.086 5.36E-06 0.155 E drought 
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S1_8002459 -17.7 -22.5 0.057 3.01E-05 0.085 gs recovery 































S6_59577575 20.1 19.1 0.072 7.73E-06 0.177 qP control 










S1_19558512 -3.3 -4.3 0.072 1.13E-05 0.118 ΦPSII recovery 
CAAX amino terminal 





S2_58963955 -38.5 -42.2 0.128 6.04E-08 0.006 gs recovery 








S2_58963955 -38.5 -42.2 0.115 2.91E-07 0.034 E recovery 
calcineurin B-like 3 Sb08g003930 8 
4604520-
4608997 
























S1_7320011 46.5 44.9 0.061 3.74E-05 0.087 gs recovery 
S1_7320011 46.5 44.9 0.065 3.34E-05 0.132 A recovery 
S1_7320028 46.5 44.9 0.065 3.05E-05 0.085 gs recovery 







S2_58963955 54.2 53.4 0.128 6.04E-08 0.006 gs recovery 
S2_58963955 54.2 53.4 0.094 2.61E-06 0.059 Fv'/Fm' recovery 











S7_59050234 42.2 41.6 0.080 7.72E-06 0.059 Fv'/Fm' recovery 
calcium-dependent 




S8_1292148 -52.5 -55.2 0.084 2.16E-05 0.132 A recovery 
calcium-dependent 




























S10_9792811 -5.9 -9.1 0.089 1.30E-05 0.177 qP control 
calmodulin 1 Sb01g008460 1 
7291253-
7296443 
S1_7320011 28.8 23.6 0.061 3.74E-05 0.087 gs recovery 
S1_7320011 28.8 23.6 0.065 3.34E-05 0.132 A recovery 
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    S1_7320032 28.8 23.6 0.065 3.05E-05 0.085 gs recovery 
camphor resistance 






















S1_61726216 -21.3 -24.8 0.065 5.40E-05 0.132 A recovery 
S1_61726220 -21.3 -24.8 0.065 5.40E-05 0.132 A recovery 
S1_61729859 -17.7 -21.2 0.060 5.34E-05 0.132 A recovery 
CCCH-type zinc finger 





S1_10003241 -5.8 -9.0 0.090 9.41E-06 0.085 gs recovery 
S1_10003241 -5.8 -9.0 0.088 9.56E-06 0.132 A recovery 
S1_10025602 16.5 13.3 0.120 2.57E-06 0.085 gs recovery 




S1_10025602 16.5 13.3 0.104 1.42E-05 0.118 ΦPSII recovery 
S1_10025602 16.5 13.3 0.104 8.94E-06 0.132 A recovery 














S1_17880348 47.6 42.0 0.064 2.78E-05 0.085 gs recovery 
cell wall invertase 2 Sb01g008910 1 
7666488-
7668746 
S1_7663160 -3.3 -5.6 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 -3.3 -5.6 0.076 2.76E-05 0.132 A recovery 
S1_7663160 -3.3 -5.6 0.088 5.55E-06 0.122 E recovery 
S1_7691839 25.4 23.1 0.069 2.66E-05 0.085 gs recovery 







S1_8152122 41.5 37.4 0.070 3.14E-05 0.085 gs recovery 




























chitinase 2 Sb01g021930 1 
26652521-
26652711 




S1_26706152 53.6 53.4 0.060 5.59E-05 0.132 A recovery 
chitinase 2 Sb01g021940 1 
26654024-
26654599 




S1_26706152 52.1 51.6 0.060 5.59E-05 0.132 A recovery 
chloride channel D Sb01g011250   
10125684-
10128391 
S1_10172070 46.4 43.7 0.073 3.03E-05 0.132 A recovery 
chlorophyllase 1 Sb07g024090 7 
59098241-
59099802 















S1_8612970 61.3 54.8 0.082 1.72E-05 0.085 gs recovery 
S1_8612970 61.3 54.8 0.072 2.91E-05 0.132 A recovery 
Class II aminoacyl-

















S1_48981201 -8.1 -10.7 0.093 5.33E-06 0.118 ΦPSII recovery 
S1_48981201 -8.1 -10.7 0.079 3.57E-05 0.132 A recovery 
Concanavalin A-like 





S1_5689384 -8.6 -10.6 0.059 3.94E-05 0.087 gs recovery 
Concanavalin A-like 
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CRP12 - Cysteine-rich 





S4_54374776 4.5 1.8 0.084 2.02E-05 0.085 gs recovery 
Cyclase family protein Sb04g005860 4 
5705299-
5705715 
S4_5723712 18.4 18.0 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 18.4 18.0 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 18.4 18.0 0.067 1.79E-05 0.122 E recovery 
S4_5723722 18.4 18.0 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 18.4 18.0 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 18.4 18.0 0.067 1.79E-05 0.122 E recovery 
S4_5723735 18.4 18.0 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 18.4 18.0 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 18.4 18.0 0.067 1.79E-05 0.122 E recovery 
S4_5723965 18.7 18.3 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 18.7 18.3 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 18.7 18.3 0.069 1.24E-05 0.122 E recovery 
S4_5723985 18.7 18.3 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 18.7 18.3 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723985 18.7 18.3 0.069 1.24E-05 0.122 E recovery 
Cyclase family protein Sb04g005870 4 
5708731-
5711780 
S4_5723712 15.0 11.9 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 15.0 11.9 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 15.0 11.9 0.067 1.79E-05 0.122 E recovery 
S4_5723722 15.0 11.9 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 15.0 11.9 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 15.0 11.9 0.067 1.79E-05 0.122 E recovery 
S4_5723735 15.0 12.0 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 15.0 12.0 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 15.0 12.0 0.067 1.79E-05 0.122 E recovery 
S4_5723965 15.2 12.2 0.077 5.22E-06 0.085 gs recovery 
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S4_5723965 15.2 12.2 0.069 1.24E-05 0.122 E recovery 
S4_5723985 15.3 12.2 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 15.3 12.2 0.081 5.97E-06 0.118 ΦPSII recovery 






S4_5723712 10.8 8.4 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 10.8 8.4 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 10.8 8.4 0.067 1.79E-05 0.122 E recovery 
S4_5723722 10.9 8.5 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 10.9 8.5 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 10.9 8.5 0.067 1.79E-05 0.122 E recovery 
S4_5723735 10.9 8.5 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 10.9 8.5 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 10.9 8.5 0.067 1.79E-05 0.122 E recovery 
S4_5723965 11.1 8.7 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 11.1 8.7 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 11.1 8.7 0.069 1.24E-05 0.122 E recovery 
S4_5723985 11.1 8.7 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 11.1 8.7 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723985 11.1 8.7 0.069 1.24E-05 0.122 E recovery 
CYCLIN A3;4 Sb04g025050 4 
54916067-
54917044 
S4_54915096 -1.0 -1.9 0.065 3.16E-05 0.085 gs recovery 
cyclin-related Sb06g031685 6 
59992777-
59999976 
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S1_7356148 -40.7 -43.0 0.052 5.59E-05 0.132 A recovery 






S1_5689384 -2.5 -5.3 0.059 3.94E-05 0.087 gs recovery 
cytochrome P450, 





S4_5723712 22.1 20.4 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 22.1 20.4 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 22.1 20.4 0.067 1.79E-05 0.122 E recovery 
S4_5723722 22.1 20.4 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 22.1 20.4 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 22.1 20.4 0.067 1.79E-05 0.122 E recovery 
S4_5723735 22.1 20.4 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 22.1 20.4 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 22.1 20.4 0.067 1.79E-05 0.122 E recovery 
S4_5723965 22.4 20.6 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 22.4 20.6 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 22.4 20.6 0.069 1.24E-05 0.122 E recovery 
S4_5723985 22.4 20.7 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 22.4 20.7 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723985 22.4 20.7 0.069 1.24E-05 0.122 E recovery 
cytochrome P450, 





S1_3299477 0.4 -2.1 0.090 5.62E-07 0.073 A control 
cytochrome P450, 



















S1_2949673 -7.9 -9.1 0.062 1.67E-05 0.132 A recovery 
dehydratase family Sb07g024070 7 
59081442-
59086488 















S1_8777957 -8.9 -17.1 0.090 9.63E-06 0.085 gs recovery 
S1_8777957 -8.9 -17.1 0.079 3.02E-05 0.132 A recovery 






S1_8777957 -31.8 -33.7 0.090 9.63E-06 0.085 gs recovery 
S1_8777957 -31.8 -33.7 0.079 3.02E-05 0.132 A recovery 







S2_58963955 -52.4 -58.2 0.128 6.04E-08 0.006 gs recovery 








S2_58963955 -52.4 -58.2 0.115 2.91E-07 0.034 E recovery 
Disease resistance-
responsive (dirigent-





S1_3299477 -27.2 -27.7 0.090 5.62E-07 0.073 A control 
D-mannose binding 







S5_3355698 26.9 25.0 0.102 1.04E-07 0.006 gs recovery 
S5_3355698 26.9 25.0 0.070 8.91E-06 0.132 A recovery 
S5_3355698 26.9 25.0 0.087 5.96E-07 0.034 E recovery 
DNA binding Sb01g009410 1 
8102612-
8105026 
S1_8152122 49.5 47.1 0.070 3.14E-05 0.085 gs recovery 
S1_8152122 49.5 47.1 0.077 2.00E-05 0.132 A recovery 
DNA ligase 1 Sb01g018700 1 
19545193-
19552496 
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S4_54374776 29.9 29.4 0.084 2.02E-05 0.085 gs recovery 











S1_8612970 51.0 45.3 0.082 1.72E-05 0.085 gs recovery 
S1_8612970 51.0 45.3 0.072 2.91E-05 0.132 A recovery 








S4_64314021 -13.6 -15.0 0.071 1.23E-05 0.177 qP control 





















S1_7320011 -42.7 -47.6 0.061 3.74E-05 0.087 gs recovery 
S1_7320011 -42.7 -47.6 0.065 3.34E-05 0.132 A recovery 
S1_7320028 -42.6 -47.6 0.065 3.05E-05 0.085 gs recovery 
S1_7320032 -42.6 -47.6 0.065 3.05E-05 0.085 gs recovery 
S1_7356148 -6.5 -11.4 0.052 5.59E-05 0.132 A recovery 
S1_7370295 7.6 2.7 0.055 4.86E-05 0.132 A recovery 
dsRNA-binding domain-




S8_881633 53.1 50.8 0.087 3.12E-05 0.085 gs recovery 






S1_10172070 34.5 30.3 0.073 3.03E-05 0.132 A recovery 
DYNAMIN-like 1C Sb01g010240 1 
9078366-
9085255 
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Dynein light chain 




S2_70749331 -11.2 -12.1 0.060 1.78E-05 0.085 gs recovery 

















S4_54915096 6.5 0.0 0.065 3.16E-05 0.085 gs recovery 
Endomembrane 
















S1_8002459 52.4 35.2 0.057 3.01E-05 0.085 gs recovery 




S1_8002459 52.4 35.2 0.053 5.60E-05 0.132 A recovery 
Endoribonuclease/pr
























S4_3814427 -43.3 -47.6 0.068 1.59E-05 0.118 ΦPSII recovery 
S4_3814427 -43.3 -47.6 0.057 4.53E-05 0.132 A recovery 
S4_3823650 -34.1 -38.4 0.069 1.32E-05 0.118 ΦPSII recovery 
S4_3823650 -34.1 -38.4 0.062 3.93E-05 0.132 A recovery 
S4_3823654 -34.1 -38.4 0.065 1.60E-05 0.118 ΦPSII recovery 
S4_3823654 -34.1 -38.4 0.058 4.39E-05 0.132 A recovery 




































S10_17059423 0.1 -1.5 0.070 5.20E-05 0.132 A recovery 
S10_17059425 0.1 -1.4 0.070 5.20E-05 0.132 A recovery 
S10_17059456 0.1 -1.4 0.079 1.87E-05 0.132 A recovery 







S10_17059423 -33.5 -35.0 0.070 5.20E-05 0.132 A recovery 
S10_17059425 -33.5 -35.0 0.070 5.20E-05 0.132 A recovery 
S10_17059456 -33.5 -35.0 0.079 1.87E-05 0.132 A recovery 







S10_17216310 -0.9 -2.4 0.057 3.24E-05 0.085 gs recovery 
S10_17216310 -0.9 -2.4 0.060 1.80E-05 0.122 E recovery 
S10_17216319 -0.9 -2.4 0.057 3.24E-05 0.085 gs recovery 
S10_17216319 -0.9 -2.4 0.060 1.80E-05 0.122 E recovery 
Eukaryotic release 





S6_59932272 39.9 33.1 0.088 2.66E-06 0.177 qP control 
Eukaryotic 
translation initiation 




S1_61726216 -53.9 -57.3 0.065 5.40E-05 0.132 A recovery 
S1_61726220 -53.9 -57.3 0.065 5.40E-05 0.132 A recovery 












S4_5723712 7.5 4.0 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 7.5 4.0 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 7.5 4.0 0.067 1.79E-05 0.122 E recovery 
S4_5723722 7.5 4.0 0.072 1.16E-05 0.085 gs recovery 
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S4_5723722 7.5 4.0 0.067 1.79E-05 0.122 E recovery 
S4_5723735 7.5 4.1 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 7.5 4.1 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 7.5 4.1 0.067 1.79E-05 0.122 E recovery 
S4_5723965 7.8 4.3 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 7.8 4.3 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 7.8 4.3 0.069 1.24E-05 0.122 E recovery 
S4_5723985 7.8 4.3 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 7.8 4.3 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723985 7.8 4.3 0.069 1.24E-05 0.122 E recovery 




S1_51100106 32.6 29.6 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100106 32.6 29.6 0.055 3.27E-05 0.132 A recovery 
S1_51100116 32.6 29.6 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100116 32.6 29.6 0.055 3.27E-05 0.132 A recovery 
S1_51100176 32.6 29.7 0.076 9.60E-06 0.118 ΦPSII recovery 
S1_51100176 32.6 29.7 0.070 3.01E-05 0.132 A recovery 
S1_51100209 32.7 29.7 0.076 9.60E-06 0.118 ΦPSII recovery 
S1_51100209 32.7 29.7 0.070 3.01E-05 0.132 A recovery 




S1_51100106 3.3 1.7 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100106 3.3 1.7 0.055 3.27E-05 0.132 A recovery 
S1_51100116 3.3 1.7 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100116 3.3 1.7 0.055 3.27E-05 0.132 A recovery 
S1_51100176 3.3 1.7 0.076 9.60E-06 0.118 ΦPSII recovery 
S1_51100176 3.3 1.7 0.070 3.01E-05 0.132 A recovery 
S1_51100209 3.4 1.8 0.076 9.60E-06 0.118 ΦPSII recovery 
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S1_51100106 -13.6 -15.3 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100106 -13.6 -15.3 0.055 3.27E-05 0.132 A recovery 
S1_51100116 -13.6 -15.3 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100116 -13.6 -15.3 0.055 3.27E-05 0.132 A recovery 
S1_51100176 -13.6 -15.2 0.076 9.60E-06 0.118 ΦPSII recovery 
S1_51100176 -13.6 -15.2 0.070 3.01E-05 0.132 A recovery 
S1_51100209 -13.5 -15.2 0.076 9.60E-06 0.118 ΦPSII recovery 
S1_51100209 -13.5 -15.2 0.070 3.01E-05 0.132 A recovery 




S1_51100106 -32.3 -34.1 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100106 -32.3 -34.1 0.055 3.27E-05 0.132 A recovery 
S1_51100116 -32.3 -34.1 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100116 -32.3 -34.1 0.055 3.27E-05 0.132 A recovery 
S1_51100176 -32.2 -34.0 0.076 9.60E-06 0.118 ΦPSII recovery 
S1_51100176 -32.2 -34.0 0.070 3.01E-05 0.132 A recovery 
S1_51100209 -32.2 -34.0 0.076 9.60E-06 0.118 ΦPSII recovery 
S1_51100209 -32.2 -34.0 0.070 3.01E-05 0.132 A recovery 




S1_51100106 -45.0 -46.4 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100106 -45.0 -46.4 0.055 3.27E-05 0.132 A recovery 
S1_51100116 -45.0 -46.4 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100116 -45.0 -46.4 0.055 3.27E-05 0.132 A recovery 
S1_51100176 -45.0 -46.3 0.076 9.60E-06 0.118 ΦPSII recovery 
S1_51100176 -45.0 -46.3 0.070 3.01E-05 0.132 A recovery 
S1_51100209 -44.9 -46.3 0.076 9.60E-06 0.118 ΦPSII recovery 
S1_51100209 -44.9 -46.3 0.070 3.01E-05 0.132 A recovery 
expressed protein Sb01g003610 1 
2917737-
2918162 
S1_2949673 31.9 31.5 0.062 1.67E-05 0.132 A recovery 
expressed protein Sb01g004020 1 
3276511-
3281093 
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expressed protein Sb01g006740 1 
5690711-
5691475 
S1_5689384 -1.3 -2.1 0.059 3.94E-05 0.087 gs recovery 
expressed protein Sb01g008470 1 
7305943-
7306921 
S1_7320011 14.1 13.1 0.061 3.74E-05 0.087 gs recovery 
S1_7320011 14.1 13.1 0.065 3.34E-05 0.132 A recovery 
S1_7320028 14.1 13.1 0.065 3.05E-05 0.085 gs recovery 
S1_7320032 14.1 13.1 0.065 3.05E-05 0.085 gs recovery 
S1_7356148 50.2 49.2 0.052 5.59E-05 0.132 A recovery 
expressed protein Sb01g008810 1 
7607682-
7608839 
S1_7663160 55.5 54.3 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 55.5 54.3 0.076 2.76E-05 0.132 A recovery 
S1_7663160 55.5 54.3 0.088 5.55E-06 0.122 E recovery 
expressed protein Sb01g008980 1 
7711843-
7712266 
S1_7663160 -48.7 -49.1 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 -48.7 -49.1 0.076 2.76E-05 0.132 A recovery 
S1_7663160 -48.7 -49.1 0.088 5.55E-06 0.122 E recovery 
S1_7691839 -20.0 -20.4 0.069 2.66E-05 0.085 gs recovery 
S1_7691839 -20.0 -20.4 0.065 4.15E-05 0.132 A recovery 
expressed protein Sb01g008990 1 
7714256-
7714815 
S1_7663160 -51.1 -51.7 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 -51.1 -51.7 0.076 2.76E-05 0.132 A recovery 
S1_7663160 -51.1 -51.7 0.088 5.55E-06 0.122 E recovery 
S1_7691839 -22.4 -23.0 0.069 2.66E-05 0.085 gs recovery 
S1_7691839 -22.4 -23.0 0.065 4.15E-05 0.132 A recovery 
expressed protein Sb01g009260 1 
8000616-
8000921 
S1_8002459 1.8 1.5 0.057 3.01E-05 0.085 gs recovery 




S1_8002459 1.8 1.5 0.053 5.60E-05 0.132 A recovery 
expressed protein Sb01g009320 1 
8040621-
8041385 
S1_8002459 -38.2 -38.9 0.057 3.01E-05 0.085 gs recovery 




S1_8002459 -38.2 -38.9 0.053 5.60E-05 0.132 A recovery 
expressed protein Sb01g009470 1 
8195670-
8198306 
S1_8152122 -43.5 -46.2 0.070 3.14E-05 0.085 gs recovery 








Supplemental Table S7. (continued) 
expressed protein Sb01g009810 1 
8570482-
8571489 
S1_8612970 42.5 41.5 0.082 1.72E-05 0.085 gs recovery 
S1_8612970 42.5 41.5 0.072 2.91E-05 0.132 A recovery 
S1_8621860 51.4 50.4 0.062 5.64E-05 0.132 A recovery 
expressed protein Sb01g010230 1 
9077414-
9078177 
S1_9132031 54.6 53.9 0.083 8.75E-06 0.177 qP control 
expressed protein Sb01g010350 1 
9181648-
9183149 
S1_9132031 -49.6 -51.1 0.083 8.75E-06 0.177 qP control 




S1_11229843 41.3 41.1 0.069 4.12E-05 0.087 gs recovery 




S1_11229843 41.3 41.1 0.078 1.10E-05 0.132 A recovery 
S1_11229844 41.4 41.1 0.069 4.12E-05 0.087 gs recovery 




S1_11229844 41.4 41.1 0.078 1.10E-05 0.132 A recovery 




S1_11229843 2.2 1.7 0.069 4.12E-05 0.087 gs recovery 




S1_11229843 2.2 1.7 0.078 1.10E-05 0.132 A recovery 
S1_11229844 2.2 1.7 0.069 4.12E-05 0.087 gs recovery 




S1_11229844 2.2 1.7 0.078 1.10E-05 0.132 A recovery 




S1_11229843 -14.2 -16.8 0.069 4.12E-05 0.087 gs recovery 




S1_11229843 -14.2 -16.8 0.078 1.10E-05 0.132 A recovery 
S1_11229844 -14.2 -16.8 0.069 4.12E-05 0.087 gs recovery 












Supplemental Table S7. (continued) 
expressed protein Sb01g028120 1 
48996475-
48998625 
S1_48981201 -15.3 -17.4 0.093 5.33E-06 0.118 ΦPSII recovery 
S1_48981201 -15.3 -17.4 0.079 3.57E-05 0.132 A recovery 
expressed protein Sb01g028130 1 
49003312-
49004352 
S1_48981201 -22.1 -23.2 0.093 5.33E-06 0.118 ΦPSII recovery 
S1_48981201 -22.1 -23.2 0.079 3.57E-05 0.132 A recovery 
expressed protein Sb01g038090 1 
61679979-
61682865 
S1_61726216 46.2 43.4 0.065 5.40E-05 0.132 A recovery 
S1_61726220 46.2 43.4 0.065 5.40E-05 0.132 A recovery 
S1_61729859 49.9 47.0 0.060 5.34E-05 0.132 A recovery 
expressed protein Sb01g038120 1 
61697055-
61697558 
S1_61726216 29.2 28.7 0.065 5.40E-05 0.132 A recovery 
S1_61726220 29.2 28.7 0.065 5.40E-05 0.132 A recovery 
S1_61729859 32.8 32.3 0.060 5.34E-05 0.132 A recovery 
expressed protein Sb01g038200 1 
61767241-
61769670 
S1_61726216 -41.0 -43.5 0.065 5.40E-05 0.132 A recovery 
S1_61726220 -41.0 -43.5 0.065 5.40E-05 0.132 A recovery 
S1_61729859 -37.4 -39.8 0.060 5.34E-05 0.132 A recovery 
expressed protein Sb02g024560 2 
58961084-
58961872 
S2_58963955 2.9 2.1 0.128 6.04E-08 0.006 gs recovery 








S2_58963955 2.9 2.1 0.115 2.91E-07 0.034 E recovery 
expressed protein Sb02g032880 2 
67494532-
67499751 
S2_67521242 26.7 21.5 0.056 3.31E-05 0.085 gs recovery 
expressed protein Sb02g032930 2 
67532919-
67533575 
S2_67521242 -11.7 -12.3 0.056 3.31E-05 0.085 gs recovery 
expressed protein Sb04g004000 4 
3836190-
3838346 
S4_3814427 -21.8 -23.9 0.068 1.59E-05 0.118 ΦPSII recovery 
S4_3814427 -21.8 -23.9 0.057 4.53E-05 0.132 A recovery 
S4_3823650 -12.5 -14.7 0.069 1.32E-05 0.118 ΦPSII recovery 
S4_3823650 -12.5 -14.7 0.062 3.93E-05 0.132 A recovery 










Supplemental Table S7. (continued) 
    S4_3823654 -12.5 -14.7 0.058 4.39E-05 0.132 A recovery 
S4_3836151 0.0 -2.2 0.075 6.30E-06 0.118 ΦPSII recovery 
expressed protein Sb04g004080 4 
3890438-
3893974 
S4_3836151 -54.3 -57.8 0.075 6.30E-06 0.118 ΦPSII recovery 




S4_3929400 39.0 35.4 0.103 1.98E-06 0.118 ΦPSII recovery 
expressed protein Sb04g005830 4 
5693829-
5695832 
S4_5723712 29.9 27.9 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 29.9 27.9 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 29.9 27.9 0.067 1.79E-05 0.122 E recovery 
S4_5723722 29.9 27.9 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 29.9 27.9 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 29.9 27.9 0.067 1.79E-05 0.122 E recovery 
S4_5723735 29.9 27.9 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 29.9 27.9 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 29.9 27.9 0.067 1.79E-05 0.122 E recovery 
S4_5723965 30.1 28.1 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 30.1 28.1 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 30.1 28.1 0.069 1.24E-05 0.122 E recovery 
S4_5723985 30.2 28.2 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 30.2 28.2 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723985 30.2 28.2 0.069 1.24E-05 0.122 E recovery 
expressed protein Sb04g005907 4 
5752238-
5753536 
S4_5723712 -28.5 -29.8 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 -28.5 -29.8 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 -28.5 -29.8 0.067 1.79E-05 0.122 E recovery 
S4_5723722 -28.5 -29.8 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 -28.5 -29.8 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 -28.5 -29.8 0.067 1.79E-05 0.122 E recovery 
S4_5723735 -28.5 -29.8 0.072 1.16E-05 0.085 gs recovery 







Supplemental Table S7. (continued) 
    
S4_5723735 -28.5 -29.8 0.067 1.79E-05 0.122 E recovery 
S4_5723965 -28.3 -29.6 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 -28.3 -29.6 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 -28.3 -29.6 0.069 1.24E-05 0.122 E recovery 
S4_5723985 -28.3 -29.6 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 -28.3 -29.6 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723985 -28.3 -29.6 0.069 1.24E-05 0.122 E recovery 
expressed protein Sb04g019786 4 
46334701-
46337133 
S4_46364030 29.3 26.9 0.056 2.98E-05 0.085 gs recovery 
S4_46364036 29.3 26.9 0.056 2.98E-05 0.085 gs recovery 
S4_46364048 29.3 26.9 0.056 2.98E-05 0.085 gs recovery 
expressed protein Sb04g019790 4 
46343208-
46343960 
S4_46364030 20.8 20.1 0.056 2.98E-05 0.085 gs recovery 
S4_46364036 20.8 20.1 0.056 2.98E-05 0.085 gs recovery 
S4_46364048 20.8 20.1 0.056 2.98E-05 0.085 gs recovery 
expressed protein Sb04g024640 4 
54394373-
54394765 
S4_54374776 -19.6 -20.0 0.084 2.02E-05 0.085 gs recovery 
expressed protein Sb04g025040 4 
54898722-
54906418 
S4_54915096 16.4 8.7 0.065 3.16E-05 0.085 gs recovery 
expressed protein Sb04g025070 4 
54925853-
54927552 
S4_54915096 -10.8 -12.5 0.065 3.16E-05 0.085 gs recovery 
expressed protein Sb04g031090 4 
61084379-
61084657 








S4_61122741 38.4 38.1 0.082 2.77E-06 0.121 E drought 
expressed protein Sb05g006250 5 
9587255-
9590312 

















Supplemental Table S7. (continued) 
    




















S5_59228941 45.0 39.2 0.083 4.34E-06 0.085 gs recovery 
S5_59228941 45.0 39.2 0.067 3.61E-05 0.132 A recovery 
S5_59228968 45.0 39.2 0.078 1.25E-05 0.085 gs recovery 
S5_59228968 45.0 39.2 0.068 5.19E-05 0.132 A recovery 




S5_59228941 34.6 34.2 0.083 4.34E-06 0.085 gs recovery 
S5_59228941 34.6 34.2 0.067 3.61E-05 0.132 A recovery 
S5_59228968 34.7 34.2 0.078 1.25E-05 0.085 gs recovery 
S5_59228968 34.7 34.2 0.068 5.19E-05 0.132 A recovery 




S5_59228941 27.3 20.1 0.083 4.34E-06 0.085 gs recovery 
S5_59228941 27.3 20.1 0.067 3.61E-05 0.132 A recovery 
S5_59228968 27.3 20.1 0.078 1.25E-05 0.085 gs recovery 
S5_59228968 27.3 20.1 0.068 5.19E-05 0.132 A recovery 




S5_59228941 16.3 15.7 0.083 4.34E-06 0.085 gs recovery 
S5_59228941 16.3 15.7 0.067 3.61E-05 0.132 A recovery 
S5_59228968 16.3 15.7 0.078 1.25E-05 0.085 gs recovery 
S5_59228968 16.3 15.7 0.068 5.19E-05 0.132 A recovery 




S6_59577575 16.6 9.5 0.072 7.73E-06 0.177 qP control 













Supplemental Table S7. (continued) 
expressed protein Sb06g031670 6 
59983401-
59983702 
S6_59932272 -51.1 -51.4 0.088 2.66E-06 0.177 qP control 
S6_59980948 -2.5 -2.8 0.070 1.22E-05 0.177 qP control 
expressed protein Sb06g031756 6 
60066504-
60069613 
S6_60110274 43.8 40.7 0.071 8.79E-06 0.177 qP control 
S6_60110289 43.8 40.7 0.071 8.79E-06 0.177 qP control 
expressed protein Sb06g031760 6 
60086000-
60087249 
S6_60110274 24.3 23.0 0.071 8.79E-06 0.177 qP control 
S6_60110289 24.3 23.0 0.071 8.79E-06 0.177 qP control 
expressed protein Sb06g031830 6 
60141984-
60147202 
S6_60110274 -31.7 -36.9 0.071 8.79E-06 0.177 qP control 
S6_60110289 -31.7 -36.9 0.071 8.79E-06 0.177 qP control 
expressed protein Sb07g007850 7 
12888810-
12889817 
S7_12865678 -23.1 -24.1 0.057 3.55E-05 0.087 gs recovery 
S7_12865678 -23.1 -24.1 0.061 2.22E-05 0.132 A recovery 
expressed protein Sb07g023620 7 
58527469-
58531884 
S7_58584926 57.5 53.0 0.068 2.50E-05 0.085 gs recovery 
expressed protein Sb07g023630 7 
58532131-
58537878 
S7_58584926 52.8 47.0 0.068 2.50E-05 0.085 gs recovery 
expressed protein Sb07g023650 7 
58555766-
58557181 
S7_58584926 29.2 27.7 0.068 2.50E-05 0.085 gs recovery 
expressed protein Sb07g024050 7 
59076478-
59078695 




expressed protein Sb08g000960 8 
884268-
886238 
S8_881633 -2.6 -4.6 0.087 3.12E-05 0.085 gs recovery 
S8_881693 -2.6 -4.5 0.060 3.97E-05 0.087 gs recovery 
expressed protein Sb08g000970 8 
888847-
891514 
S8_881633 -7.2 -9.9 0.087 3.12E-05 0.085 gs recovery 
S8_881693 -7.2 -9.8 0.060 3.97E-05 0.087 gs recovery 
expressed protein Sb08g001280 8 
1260586-
1263100 
S8_1292148 31.6 29.0 0.084 2.16E-05 0.132 A recovery 
expressed protein Sb08g004770 8 
5928250-
5930715 
S8_5900864 -27.4 -29.9 0.096 1.44E-05 0.122 E recovery 













Supplemental Table S7. (continued) 
expressed protein Sb08g004920 8 
6157839-
6158613 
S8_6112580 -45.3 -46.0 0.070 1.06E-05 0.085 gs recovery 
S8_6112580 -45.3 -46.0 0.062 3.83E-05 0.132 A recovery 
S8_6112580 -45.3 -46.0 0.064 2.03E-05 0.130 E recovery 






S2_5679675 15.5 8.0 0.078 6.20E-06 0.085 gs recovery 
S2_5679675 15.5 8.0 0.091 1.32E-06 0.051 E recovery 
S2_5680569 16.4 8.9 0.059 2.89E-05 0.085 gs recovery 
S2_5680569 16.4 8.9 0.063 1.61E-05 0.122 E recovery 
Family of unknown 










S6_59577575 59.2 54.1 0.072 7.73E-06 0.177 qP control 
FBD, F-box, Skp2-like 


































S4_54915096 -27.6 -28.8 0.065 3.16E-05 0.085 gs recovery 






S8_5900864 5.2 4.0 0.096 1.44E-05 0.122 E recovery 
S8_5949187 53.5 52.4 0.059 3.31E-05 0.085 gs recovery 






S8_6269394 47.3 46.2 0.081 1.07E-05 0.132 A recovery 
F-box family protein Sb01g009440 1 
8141148-
8142593 
S1_8152122 11.0 9.5 0.070 3.14E-05 0.085 gs recovery 









Supplemental Table S7. (continued) 
F-box family protein Sb02g004940 2 
5692501-
5694547 
S2_5679675 -12.8 -14.9 0.078 6.20E-06 0.085 gs recovery 
S2_5679675 -12.8 -14.9 0.091 1.32E-06 0.051 E recovery 
S2_5680569 -11.9 -14.0 0.059 2.89E-05 0.085 gs recovery 
S2_5680569 -11.9 -14.0 0.063 1.61E-05 0.122 E recovery 




F-box family protein Sb02g004950 2 
5697945-
5699093 
S2_5679675 -18.3 -19.4 0.078 6.20E-06 0.085 gs recovery 
S2_5679675 -18.3 -19.4 0.091 1.32E-06 0.051 E recovery 
S2_5680569 -17.4 -18.5 0.059 2.89E-05 0.085 gs recovery 
S2_5680569 -17.4 -18.5 0.063 1.61E-05 0.122 E recovery 




F-box family protein Sb02g004960 2 
5706383-
5707606 
S2_5679675 -26.7 -27.9 0.078 6.20E-06 0.085 gs recovery 
S2_5679675 -26.7 -27.9 0.091 1.32E-06 0.051 E recovery 
S2_5680569 -25.8 -27.0 0.059 2.89E-05 0.085 gs recovery 
S2_5680569 -25.8 -27.0 0.063 1.61E-05 0.122 E recovery 




F-box family protein Sb02g005020 2 
5782028-
5785242 








S2_70749331 -19.4 -20.9 0.060 1.78E-05 0.085 gs recovery 
S2_70749331 -19.4 -20.9 0.061 1.21E-05 0.122 E recovery 




S5_59228941 47.9 46.7 0.083 4.34E-06 0.085 gs recovery 
S5_59228941 47.9 46.7 0.067 3.61E-05 0.132 A recovery 
S5_59228968 47.9 46.7 0.078 1.25E-05 0.085 gs recovery 









Supplemental Table S7. (continued) 
F-box family protein Sb08g004750 8 
5898817-
5901176 
S8_5900864 2.0 -0.3 0.096 1.44E-05 0.122 E recovery 
S8_5949187 50.4 48.0 0.059 3.31E-05 0.085 gs recovery 
F-box family protein Sb08g004760 8 
5921558-
5922712 
S8_5900864 -20.7 -21.8 0.096 1.44E-05 0.122 E recovery 
S8_5949187 27.6 26.5 0.059 3.31E-05 0.085 gs recovery 
F-box family protein 






S1_8152122 31.4 30.2 0.070 3.14E-05 0.085 gs recovery 
S1_8152122 31.4 30.2 0.077 2.00E-05 0.132 A recovery 
F-box family protein 






S2_5679675 -33.6 -35.9 0.078 6.20E-06 0.085 gs recovery 
S2_5679675 -33.6 -35.9 0.091 1.32E-06 0.051 E recovery 
S2_5680569 -32.7 -35.0 0.059 2.89E-05 0.085 gs recovery 
S2_5680569 -32.7 -35.0 0.063 1.61E-05 0.122 E recovery 



















S8_881633 7.9 1.2 0.087 3.12E-05 0.085 gs recovery 







S4_3814427 -15.0 -17.2 0.068 1.59E-05 0.118 ΦPSII recovery 
S4_3814427 -15.0 -17.2 0.057 4.53E-05 0.132 A recovery 
S4_3823650 -5.8 -8.0 0.069 1.32E-05 0.118 ΦPSII recovery 
S4_3823650 -5.8 -8.0 0.062 3.93E-05 0.132 A recovery 
S4_3823654 -5.8 -7.9 0.065 1.60E-05 0.118 ΦPSII recovery 
S4_3823654 -5.8 -7.9 0.058 4.39E-05 0.132 A recovery 







S4_5723712 45.7 40.6 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 45.7 40.6 0.072 1.43E-05 0.118 ΦPSII recovery 








Supplemental Table S7. (continued) 
    
S4_5723722 45.7 40.6 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 45.7 40.6 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 45.7 40.6 0.067 1.79E-05 0.122 E recovery 
S4_5723735 45.7 40.6 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 45.7 40.6 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 45.7 40.6 0.067 1.79E-05 0.122 E recovery 
S4_5723965 45.9 40.8 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 45.9 40.8 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 45.9 40.8 0.069 1.24E-05 0.122 E recovery 
S4_5723985 46.0 40.8 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 46.0 40.8 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723985 46.0 40.8 0.069 1.24E-05 0.122 E recovery 
ferredoxin thioredoxin 
reductase catalytic 





S10_6278477 54.7 52.1 0.080 1.73E-06 0.116 A:E recovery 






S6_60110274 4.2 2.5 0.071 8.79E-06 0.177 qP control 











































Supplemental Table S7. (continued) 
folate transporter 1 Sb01g009010 1 
7721667-
7726299 
S1_7691839 -29.8 -34.5 0.069 2.66E-05 0.085 gs recovery 






S1_3299477 52.5 49.8 0.090 5.62E-07 0.073 A control 
GA16396-PA Sb04g005920 4 
5760692-
5762637 
S4_5723712 -37.0 -38.9 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 -37.0 -38.9 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 -37.0 -38.9 0.067 1.79E-05 0.122 E recovery 
S4_5723722 -37.0 -38.9 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 -37.0 -38.9 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 -37.0 -38.9 0.067 1.79E-05 0.122 E recovery 
S4_5723735 -37.0 -38.9 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 -37.0 -38.9 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 -37.0 -38.9 0.067 1.79E-05 0.122 E recovery 
S4_5723965 -36.7 -38.7 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 -36.7 -38.7 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 -36.7 -38.7 0.069 1.24E-05 0.122 E recovery 
S4_5723985 -36.7 -38.7 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 -36.7 -38.7 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723985 -36.7 -38.7 0.069 1.24E-05 0.122 E recovery 





S1_8612970 38.9 38.3 0.082 1.72E-05 0.085 gs recovery 
S1_8612970 38.9 38.3 0.072 2.91E-05 0.132 A recovery 






S1_7663160 -35.5 -36.1 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 -35.5 -36.1 0.076 2.76E-05 0.132 A recovery 
S1_7663160 -35.5 -36.1 0.088 5.55E-06 0.122 E recovery 
S1_7691839 -6.8 -7.4 0.069 2.66E-05 0.085 gs recovery 










Supplemental Table S7. (continued) 
General transcription 





S4_46364030 -54.6 -56.0 0.056 2.98E-05 0.085 gs recovery 
S4_46364036 -54.6 -56.0 0.056 2.98E-05 0.085 gs recovery 
S4_46364048 -54.6 -56.0 0.056 2.98E-05 0.085 gs recovery 
germin-like protein 4 Sb01g011370 1 
10219731-
10220892 








































S1_9132031 21.1 18.3 0.083 8.75E-06 0.177 qP control 
glutathione reductase Sb01g021980 1 
26745120-
26748359 




S1_26706152 -39.0 -42.2 0.060 5.59E-05 0.132 A recovery 
glutathione S-




S1_51100106 15.1 14.2 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100106 15.1 14.2 0.055 3.27E-05 0.132 A recovery 
S1_51100116 15.1 14.2 0.059 1.95E-05 0.127 ΦPSII recovery 
S1_51100116 15.1 14.2 0.055 3.27E-05 0.132 A recovery 
S1_51100176 15.2 14.2 0.076 9.60E-06 0.118 ΦPSII recovery 
S1_51100176 15.2 14.2 0.070 3.01E-05 0.132 A recovery 









Supplemental Table S7. (continued) 
    S1_51100209 15.2 14.3 0.070 3.01E-05 0.132 A recovery 
glutathione S-




S7_58584926 2.1 1.7 0.068 2.50E-05 0.085 gs recovery 
glutathione S-

















S7_12865678 -17.9 -19.5 0.057 3.55E-05 0.087 gs recovery 


















S1_7663160 21.4 19.8 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 21.4 19.8 0.076 2.76E-05 0.132 A recovery 
S1_7663160 21.4 19.8 0.088 5.55E-06 0.122 E recovery 
S1_7691839 50.1 48.5 0.069 2.66E-05 0.085 gs recovery 
S1_7691839 50.1 48.5 0.065 4.15E-05 0.132 A recovery 





S10_17919861 55.6 54.9 0.065 1.14E-05 0.132 A recovery 











S1_7663160 34.4 30.8 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 34.4 30.8 0.076 2.76E-05 0.132 A recovery 












Supplemental Table S7. (continued) 
glycosyl hydrolase 








S1_11229843 10.1 7.2 0.069 4.12E-05 0.087 gs recovery 




S1_11229843 10.1 7.2 0.078 1.10E-05 0.132 A recovery 
S1_11229844 10.1 7.2 0.069 4.12E-05 0.087 gs recovery 




S1_11229844 10.1 7.2 0.078 1.10E-05 0.132 A recovery 
Glycosyl transferase 





S7_13086524 2.4 -1.0 0.056 3.26E-05 0.085 gs recovery 
S7_13086524 2.4 -1.0 0.053 4.46E-05 0.132 A recovery 
S7_13086535 2.4 -1.0 0.056 3.76E-05 0.087 gs recovery 
S7_13086535 2.4 -1.0 0.056 3.70E-05 0.132 A recovery 
S7_13086537 2.4 -1.0 0.056 3.84E-05 0.087 gs recovery 
S7_13086537 2.4 -1.0 0.056 3.79E-05 0.132 A recovery 
S7_13086538 2.4 -1.0 0.056 3.75E-05 0.087 gs recovery 
S7_13086538 2.4 -1.0 0.056 3.65E-05 0.132 A recovery 





S1_7663160 49.8 46.6 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 49.8 46.6 0.076 2.76E-05 0.132 A recovery 
S1_7663160 49.8 46.6 0.088 5.55E-06 0.122 E recovery 
GRAM domain-











S1_19558512 -45.2 -46.2 0.072 1.13E-05 0.118 ΦPSII recovery 
GRAM domain-


















S5_62168822 10.4 6.6 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 10.4 6.6 0.066 1.15E-05 0.122 E recovery 








Supplemental Table S7. (continued) 







S5_62168822 6.2 4.2 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 6.2 4.2 0.066 1.15E-05 0.122 E recovery 
S5_62168880 6.3 4.2 0.066 2.89E-05 0.085 gs recovery 







S5_62168822 0.9 -1.3 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 0.9 -1.3 0.066 1.15E-05 0.122 E recovery 
S5_62168880 1.0 -1.3 0.066 2.89E-05 0.085 gs recovery 







S5_62168822 -27.0 -29.2 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 -27.0 -29.2 0.066 1.15E-05 0.122 E recovery 
S5_62168880 -26.9 -29.1 0.066 2.89E-05 0.085 gs recovery 







S5_62168822 -35.1 -35.3 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 -35.1 -35.3 0.066 1.15E-05 0.122 E recovery 
S5_62168880 -35.1 -35.2 0.066 2.89E-05 0.085 gs recovery 







S5_62168822 -36.4 -38.3 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 -36.4 -38.3 0.066 1.15E-05 0.122 E recovery 








Supplemental Table S7. (continued) 






S5_62168822 -42.1 -44.3 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 -42.1 -44.3 0.066 1.15E-05 0.122 E recovery 
S5_62168880 -42.0 -44.3 0.066 2.89E-05 0.085 gs recovery 






S5_62168822 -54.1 -60.3 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 -54.1 -60.3 0.066 1.15E-05 0.122 E recovery 
S5_62168880 -54.1 -60.2 0.066 2.89E-05 0.085 gs recovery 














S4_5723712 -52.8 -57.5 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 -52.8 -57.5 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 -52.8 -57.5 0.067 1.79E-05 0.122 E recovery 
S4_5723722 -52.8 -57.5 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 -52.8 -57.5 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 -52.8 -57.5 0.067 1.79E-05 0.122 E recovery 
S4_5723735 -52.8 -57.5 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 -52.8 -57.5 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 -52.8 -57.5 0.067 1.79E-05 0.122 E recovery 
S4_5723965 -52.6 -57.2 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 -52.6 -57.2 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 -52.6 -57.2 0.069 1.24E-05 0.122 E recovery 
S4_5723985 -52.6 -57.2 0.077 5.22E-06 0.085 gs recovery 
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S1_8002459 -42.4 -44.3 0.057 3.01E-05 0.085 gs recovery 
















S4_61757012 -41.9 -42.9 0.086 5.36E-06 0.155 E drought 




















S10_6278477 -5.9 -7.1 0.080 1.73E-06 0.116 A:E recovery 






S6_60110274 -4.1 -9.0 0.071 8.79E-06 0.177 qP control 






S1_8152122 27.0 23.9 0.070 3.14E-05 0.085 gs recovery 






S1_8152122 16.6 14.4 0.070 3.14E-05 0.085 gs recovery 
S1_8152122 16.6 14.4 0.077 2.00E-05 0.132 A recovery 
H(+)-ATPase 2 Sb06g031240 6 
59594263-
59601155 
S6_59577575 -16.7 -23.6 0.072 7.73E-06 0.177 qP control 







S8_881633 48.3 37.7 0.087 3.12E-05 0.085 gs recovery 









Supplemental Table S7. (continued) 
Heavy metal 
transport/detoxificatio




S6_59932272 -39.9 -40.4 0.088 2.66E-06 0.177 qP control 
S6_59980948 8.8 8.3 0.070 1.22E-05 0.177 qP control 
histone 
acetyltransferase of 








S1_26706152 28.3 23.3 0.060 5.59E-05 0.132 A recovery 
histone H2A 12 Sb02g004970 2 
5711291-
5712017 
S2_5679675 -31.6 -32.3 0.078 6.20E-06 0.085 gs recovery 
S2_5679675 -31.6 -32.3 0.091 1.32E-06 0.051 E recovery 
S2_5680569 -30.7 -31.4 0.059 2.89E-05 0.085 gs recovery 
S2_5680569 -30.7 -31.4 0.063 1.61E-05 0.122 E recovery 









S4_61757012 -0.1 -4.3 0.086 5.36E-06 0.155 E drought 














S4_61776859 19.7 15.5 0.111 1.36E-06 0.121 E drought 
homolog of human 





S1_7370295 -49.8 -52.6 0.055 4.86E-05 0.132 A recovery 
homolog of separase Sb04g034460 4 
64293424-
64306134 























S4_54374776 16.1 13.0 0.084 2.02E-05 0.085 gs recovery 
ILI1 binding bHLH 1 Sb06g031560 6 
59908495-
59909118 
S6_59932272 23.8 23.2 0.088 2.66E-06 0.177 qP control 
ILITYHIA Sb01g009860 1 
8610822-
8633074 
S1_8612970 2.1 -20.1 0.082 1.72E-05 0.085 gs recovery 
S1_8612970 2.1 -20.1 0.072 2.91E-05 0.132 A recovery 













S10_17424736 27.4 21.4 0.055 3.17E-05 0.085 gs recovery 
indoleacetic acid-




S1_7320011 -1.1 -3.9 0.061 3.74E-05 0.087 gs recovery 
S1_7320011 -1.1 -3.9 0.065 3.34E-05 0.132 A recovery 
S1_7320028 -1.1 -3.9 0.065 3.05E-05 0.085 gs recovery 
S1_7320032 -1.1 -3.9 0.065 3.05E-05 0.085 gs recovery 
S1_7356148 35.0 32.2 0.052 5.59E-05 0.132 A recovery 
S1_7370295 49.2 46.4 0.055 4.86E-05 0.132 A recovery 
inflorescence 
meristem receptor-




S1_61726216 19.4 16.6 0.065 5.40E-05 0.132 A recovery 
S1_61726220 19.4 16.6 0.065 5.40E-05 0.132 A recovery 
S1_61729859 23.0 20.2 0.060 5.34E-05 0.132 A recovery 
Inositol 1,3,4-
trisphosphate 5/6-




S1_48981201 -1.6 -3.7 0.093 5.33E-06 0.118 ΦPSII recovery 







S6_59932272 -41.2 -45.2 0.088 2.66E-06 0.177 qP control 







S5_59228941 2.1 1.1 0.083 4.34E-06 0.085 gs recovery 
S5_59228941 2.1 1.1 0.067 3.61E-05 0.132 A recovery 










Supplemental Table S7. (continued) 







S5_59228941 0.3 -0.5 0.083 4.34E-06 0.085 gs recovery 
S5_59228941 0.3 -0.5 0.067 3.61E-05 0.132 A recovery 
S5_59228968 0.3 -0.5 0.078 1.25E-05 0.085 gs recovery 







S6_59577575 8.6 7.8 0.072 7.73E-06 0.177 qP control 
IQ calmodulin-





S5_3355698 -43.2 -48.6 0.102 1.04E-07 0.006 gs recovery 
S5_3355698 -43.2 -48.6 0.070 8.91E-06 0.132 A recovery 
S5_3355698 -43.2 -48.6 0.087 5.96E-07 0.034 E recovery 
IQ-domain 32 Sb06g031840 6 
60154599-
60160085 
S6_60110274 -44.3 -49.8 0.071 8.79E-06 0.177 qP control 
S6_60110289 -44.3 -49.8 0.071 8.79E-06 0.177 qP control 
isoprenoid F Sb04g031830 4 
61762973-
61764750 
S4_61757012 -6.0 -7.7 0.086 5.36E-06 0.155 E drought 


























S1_8152122 -34.1 -40.2 0.070 3.14E-05 0.085 gs recovery 






S1_11229843 17.7 12.7 0.069 4.12E-05 0.087 gs recovery 












Supplemental Table S7. (continued) 
    
S1_11229844 17.7 12.7 0.069 4.12E-05 0.087 gs recovery 




S1_11229844 17.7 12.7 0.078 1.10E-05 0.132 A recovery 




S1_61726216 25.2 22.7 0.065 5.40E-05 0.132 A recovery 
S1_61726220 25.2 22.7 0.065 5.40E-05 0.132 A recovery 
S1_61729859 28.9 26.3 0.060 5.34E-05 0.132 A recovery 






S6_59577575 52.7 52.0 0.072 7.73E-06 0.177 qP control 
Leucine-rich receptor-





S1_5689384 52.1 48.2 0.059 3.94E-05 0.087 gs recovery 
Leucine-rich receptor-





S4_3814427 36.2 34.1 0.068 1.59E-05 0.118 ΦPSII recovery 
S4_3814427 36.2 34.1 0.057 4.53E-05 0.132 A recovery 
S4_3823650 45.5 43.3 0.069 1.32E-05 0.118 ΦPSII recovery 
S4_3823650 45.5 43.3 0.062 3.93E-05 0.132 A recovery 
S4_3823654 45.5 43.3 0.065 1.60E-05 0.118 ΦPSII recovery 
S4_3823654 45.5 43.3 0.058 4.39E-05 0.132 A recovery 
Leucine-rich receptor-





S10_6278477 30.6 23.0 0.080 1.73E-06 0.116 A:E recovery 
S10_6278507 30.6 23.0 0.080 1.73E-06 0.116 A:E recovery 
Leucine-rich repeat 




S4_3814427 23.6 23.2 0.068 1.59E-05 0.118 ΦPSII recovery 
S4_3814427 23.6 23.2 0.057 4.53E-05 0.132 A recovery 
S4_3823650 32.8 32.4 0.069 1.32E-05 0.118 ΦPSII recovery 
S4_3823650 32.8 32.4 0.062 3.93E-05 0.132 A recovery 
S4_3823654 32.8 32.5 0.065 1.60E-05 0.118 ΦPSII recovery 
S4_3823654 32.8 32.5 0.058 4.39E-05 0.132 A recovery 
S4_3836151 45.3 44.9 0.075 6.30E-06 0.118 ΦPSII recovery 
Leucine-rich repeat 













Supplemental Table S7. (continued) 
Leucine-rich repeat 





S1_7320011 56.4 53.9 0.061 3.74E-05 0.087 gs recovery 
S1_7320011 56.4 53.9 0.065 3.34E-05 0.132 A recovery 
S1_7320028 56.4 53.9 0.065 3.05E-05 0.085 gs recovery 
S1_7320032 56.4 53.9 0.065 3.05E-05 0.085 gs recovery 
Leucine-rich repeat 





S1_7320011 53.3 49.2 0.061 3.74E-05 0.087 gs recovery 
S1_7320011 53.3 49.2 0.065 3.34E-05 0.132 A recovery 
S1_7320028 53.3 49.2 0.065 3.05E-05 0.085 gs recovery 
S1_7320032 53.3 49.2 0.065 3.05E-05 0.085 gs recovery 
Leucine-rich repeat 






S1_10172070 -10.1 -11.1 0.073 3.03E-05 0.132 A recovery 
Leucine-rich repeat 





S4_3823650 -46.7 -50.5 0.069 1.32E-05 0.118 ΦPSII recovery 
S4_3823650 -46.7 -50.5 0.062 3.93E-05 0.132 A recovery 
S4_3823654 -46.7 -50.5 0.065 1.60E-05 0.118 ΦPSII recovery 
S4_3823654 -46.7 -50.5 0.058 4.39E-05 0.132 A recovery 








S2_70749331 -41.8 -43.0 0.060 1.78E-05 0.085 gs recovery 
S2_70749331 -41.8 -43.0 0.061 1.21E-05 0.122 E recovery 
lipases;hydrolases, 





S1_11229843 51.4 43.8 0.069 4.12E-05 0.087 gs recovery 




S1_11229843 51.4 43.8 0.078 1.10E-05 0.132 A recovery 
S1_11229844 51.4 43.8 0.069 4.12E-05 0.087 gs recovery 



























S1_10025602 -35.6 -37.3 0.120 2.57E-06 0.085 gs recovery 




S1_10025602 -35.6 -37.3 0.104 1.42E-05 0.118 ΦPSII recovery 
S1_10025602 -35.6 -37.3 0.104 8.94E-06 0.132 A recovery 






S1_7320011 -28.3 -34.1 0.061 3.74E-05 0.087 gs recovery 
S1_7320011 -28.3 -34.1 0.065 3.34E-05 0.132 A recovery 
S1_7320028 -28.2 -34.0 0.065 3.05E-05 0.085 gs recovery 
S1_7320032 -28.2 -34.0 0.065 3.05E-05 0.085 gs recovery 
S1_7356148 7.9 2.1 0.052 5.59E-05 0.132 A recovery 






S1_3299477 -16.9 -18.9 0.090 5.62E-07 0.073 A control 
Major Facilitator 






















S4_61776859 -39.3 -42.8 0.111 1.36E-06 0.121 E drought 





















Supplemental Table S7. (continued) 
maternal effect 




S1_18981548 -2.0 -8.4 0.066 1.08E-05 0.177 qP control 
maternal effect 










S4_61757012 15.0 12.4 0.086 5.36E-06 0.155 E drought 




















S6_59980948 -19.7 -23.3 0.070 1.22E-05 0.177 qP control 
MEI2 C-terminal 




S4_3814427 3.7 0.4 0.068 1.59E-05 0.118 ΦPSII recovery 
S4_3814427 3.7 0.4 0.057 4.53E-05 0.132 A recovery 
S4_3823650 12.9 9.6 0.069 1.32E-05 0.118 ΦPSII recovery 
S4_3823650 12.9 9.6 0.062 3.93E-05 0.132 A recovery 
S4_3823654 12.9 9.6 0.065 1.60E-05 0.118 ΦPSII recovery 
S4_3823654 12.9 9.6 0.058 4.39E-05 0.132 A recovery 
S4_3836151 25.4 22.1 0.075 6.30E-06 0.118 ΦPSII recovery 
methylenetetrahydrof




S1_2949673 -26.1 -31.7 0.062 1.67E-05 0.132 A recovery 
methyltransferases Sb01g008850 1 
7620155-
7624884 
S1_7663160 43.0 38.3 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 43.0 38.3 0.076 2.76E-05 0.132 A recovery 










Supplemental Table S7. (continued) 
methyltransferases Sb01g009310 1 
8036684-
8039895 
S1_8002459 -34.2 -37.4 0.057 3.01E-05 0.085 gs recovery 




S1_8002459 -34.2 -37.4 0.053 5.60E-05 0.132 A recovery 




S1_61726216 31.9 30.5 0.065 5.40E-05 0.132 A recovery 
S1_61726220 32.0 30.5 0.065 5.40E-05 0.132 A recovery 







S1_8777957 -39.0 -42.8 0.090 9.63E-06 0.085 gs recovery 
S1_8777957 -39.0 -42.8 0.079 3.02E-05 0.132 A recovery 
























S1_61729859 -54.0 -56.7 0.060 5.34E-05 0.132 A recovery 
Mitochondrial substrate 





S1_61726216 -32.3 -36.0 0.065 5.40E-05 0.132 A recovery 
S1_61726220 -32.3 -35.9 0.065 5.40E-05 0.132 A recovery 








S4_5723712 31.3 30.1 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 31.3 30.1 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 31.3 30.1 0.067 1.79E-05 0.122 E recovery 
S4_5723722 31.3 30.1 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 31.3 30.1 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 31.3 30.1 0.067 1.79E-05 0.122 E recovery 
S4_5723735 31.3 30.1 0.072 1.16E-05 0.085 gs recovery 
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S4_5723735 31.3 30.1 0.067 1.79E-05 0.122 E recovery 
S4_5723965 31.6 30.4 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 31.6 30.4 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 31.6 30.4 0.069 1.24E-05 0.122 E recovery 
S4_5723985 31.6 30.4 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 31.6 30.4 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723985 31.6 30.4 0.069 1.24E-05 0.122 E recovery 
mitogen-activated 





S6_59932272 -6.0 -18.7 0.088 2.66E-06 0.177 qP control 






S1_9132031 -9.1 -14.2 0.083 8.75E-06 0.177 qP control 
molybdopterin 
biosynthesis CNX1 
protein / molybdenum 
cofactor biosynthesis 




S6_59932272 -54.2 -58.3 0.088 2.66E-06 0.177 qP control 
S6_59980948 -5.5 -9.7 0.070 1.22E-05 0.177 qP control 
MTD1 Sb10g006660 10 
6236354-
6238987 
S10_6278477 42.1 39.5 0.080 1.73E-06 0.116 A:E recovery 
S10_6278507 42.2 39.5 0.080 1.73E-06 0.116 A:E recovery 





S10_6278477 -52.0 -53.1 0.080 1.73E-06 0.116 A:E recovery 
S10_6278507 -52.0 -53.1 0.080 1.73E-06 0.116 A:E recovery 
myb domain protein 36 Sb01g006800 1 
5729963-
5731337 
S1_5689384 -40.6 -42.0 0.059 3.94E-05 0.087 gs recovery 
myb domain protein 52 Sb01g009870 1 
8655623-
8657270 
S1_8612970 -42.7 -44.3 0.082 1.72E-05 0.085 gs recovery 
S1_8612970 -42.7 -44.3 0.072 2.91E-05 0.132 A recovery 
S1_8621860 -33.8 -35.4 0.062 5.64E-05 0.132 A recovery 
myb domain protein 63 Sb04g031110 4 
61115048-
61116356 
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    S4_61122741 7.7 6.4 0.082 2.77E-06 0.121 E drought 
myb domain protein r1 Sb04g005940 4 
5773786-
5775275 
S4_5723712 -50.1 -51.6 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 -50.1 -51.6 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 -50.1 -51.6 0.067 1.79E-05 0.122 E recovery 
S4_5723722 -50.1 -51.6 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 -50.1 -51.6 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 -50.1 -51.6 0.067 1.79E-05 0.122 E recovery 
S4_5723735 -50.1 -51.5 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 -50.1 -51.5 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 -50.1 -51.5 0.067 1.79E-05 0.122 E recovery 
S4_5723965 -49.8 -51.3 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 -49.8 -51.3 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 -49.8 -51.3 0.069 1.24E-05 0.122 E recovery 
S4_5723985 -49.8 -51.3 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 -49.8 -51.3 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723985 -49.8 -51.3 0.069 1.24E-05 0.122 E recovery 




S2_70749331 -43.2 -51.3 0.060 1.78E-05 0.085 gs recovery 
S2_70749331 -43.2 -51.3 0.061 1.21E-05 0.122 E recovery 
myosin 2 Sb04g004170 4 
3973735-
3974866 










S4_5723712 53.2 50.0 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 53.2 50.0 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 53.2 50.0 0.067 1.79E-05 0.122 E recovery 
S4_5723722 53.2 50.1 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 53.2 50.1 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 53.2 50.1 0.067 1.79E-05 0.122 E recovery 
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S4_5723735 53.3 50.1 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 53.3 50.1 0.067 1.79E-05 0.122 E recovery 
S4_5723965 53.5 50.3 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 53.5 50.3 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 53.5 50.3 0.069 1.24E-05 0.122 E recovery 
S4_5723985 53.5 50.3 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 53.5 50.3 0.081 5.97E-06 0.118 ΦPSII recovery 







S1_3299477 -37.2 -42.0 0.090 5.62E-07 0.073 A control 
Na+/H+ (sodium 





S10_17919861 -35.6 -39.6 0.065 1.14E-05 0.132 A recovery 








S1_2949673 -32.2 -33.8 0.062 1.67E-05 0.132 A recovery 









S2_58963955 -45.7 -47.2 0.128 6.04E-08 0.006 gs recovery 
















S5_59228941 -6.7 -8.8 0.083 4.34E-06 0.085 gs recovery 
S5_59228941 -6.7 -8.8 0.067 3.61E-05 0.132 A recovery 
S5_59228968 -6.6 -8.8 0.078 1.25E-05 0.085 gs recovery 


















S5_59228941 -26.3 -26.8 0.083 4.34E-06 0.085 gs recovery 
S5_59228941 -26.3 -26.8 0.067 3.61E-05 0.132 A recovery 
S5_59228968 -26.3 -26.8 0.078 1.25E-05 0.085 gs recovery 








S5_59228941 -28.5 -37.0 0.083 4.34E-06 0.085 gs recovery 
S5_59228941 -28.5 -37.0 0.067 3.61E-05 0.132 A recovery 
S5_59228968 -28.5 -36.9 0.078 1.25E-05 0.085 gs recovery 








S5_59228941 -47.7 -51.5 0.083 4.34E-06 0.085 gs recovery 
S5_59228941 -47.7 -51.5 0.067 3.61E-05 0.132 A recovery 
S5_59228968 -47.6 -51.5 0.078 1.25E-05 0.085 gs recovery 
















S2_5679675 20.6 17.9 0.078 6.20E-06 0.085 gs recovery 
S2_5679675 20.6 17.9 0.091 1.32E-06 0.051 E recovery 
S2_5680569 21.5 18.8 0.059 2.89E-05 0.085 gs recovery 







































Supplemental Table S7. (continued) 
NDR1/HIN1-like 8 Sb04g031150 4 
61128142-
61135978 








S4_61122741 -5.4 -13.2 0.082 2.77E-06 0.121 E drought 
NIFU-like protein 2 Sb08g004740 8 
5864125-
5866178 
S8_5900864 36.7 34.7 0.096 1.44E-05 0.122 E recovery 
nitrate reductase 1 Sb04g034470 4 
64307126-
64310558 






S1_7663160 13.9 12.0 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 13.9 12.0 0.076 2.76E-05 0.132 A recovery 
S1_7663160 13.9 12.0 0.088 5.55E-06 0.122 E recovery 
S1_7691839 42.6 40.7 0.069 2.66E-05 0.085 gs recovery 






S6_59932272 -26.8 -28.7 0.088 2.66E-06 0.177 qP control 
S6_59980948 21.9 20.0 0.070 1.22E-05 0.177 qP control 
Noc2p family Sb01g018260 1 
18948098-
18953474 













S7_13086524 18.4 14.9 0.056 3.26E-05 0.085 gs recovery 
S7_13086524 18.4 14.9 0.053 4.46E-05 0.132 A recovery 
S7_13086535 18.4 14.9 0.056 3.76E-05 0.087 gs recovery 
S7_13086535 18.4 14.9 0.056 3.70E-05 0.132 A recovery 
S7_13086537 18.4 14.9 0.056 3.84E-05 0.087 gs recovery 
S7_13086537 18.4 14.9 0.056 3.79E-05 0.132 A recovery 










Supplemental Table S7. (continued) 























S4_61757012 -49.3 -52.7 0.086 5.36E-06 0.155 E drought 









































S4_3929400 32.6 28.0 0.103 1.98E-06 0.118 ΦPSII recovery 
O-Glycosyl hydrolases 





S1_61726216 -47.7 -50.3 0.065 5.40E-05 0.132 A recovery 
S1_61726220 -47.7 -50.3 0.065 5.40E-05 0.132 A recovery 
S1_61729859 -44.1 -46.7 0.060 5.34E-05 0.132 A recovery 
O-Glycosyl hydrolases 














Supplemental Table S7. (continued) 
O-Glycosyl hydrolases 





S5_62168822 52.9 48.6 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 52.9 48.6 0.066 1.15E-05 0.122 E recovery 
S5_62168880 53.0 48.7 0.066 2.89E-05 0.085 gs recovery 
S5_62168893 53.0 48.7 0.066 2.89E-05 0.085 gs recovery 
Oleosin family protein Sb01g011120 1 
9985106-
9987502 
S1_10003241 18.1 15.7 0.090 9.41E-06 0.085 gs recovery 
S1_10003241 18.1 15.7 0.088 9.56E-06 0.132 A recovery 
S1_10025602 40.5 38.1 0.120 2.57E-06 0.085 gs recovery 




S1_10025602 40.5 38.1 0.104 1.42E-05 0.118 ΦPSII recovery 
S1_10025602 40.5 38.1 0.104 8.94E-06 0.132 A recovery 






























S4_61122741 47.3 40.9 0.082 2.77E-06 0.121 E drought 























S2_70749331 -32.8 -34.7 0.060 1.78E-05 0.085 gs recovery 
S2_70749331 -32.8 -34.7 0.061 1.21E-05 0.122 E recovery 
origin recognition 





S1_3299477 11.0 8.8 0.090 5.62E-07 0.073 A control 
OsFBD8 - F-box and 














S4_61122741 -24.6 -25.7 0.082 2.77E-06 0.121 E drought 
OsFBL6 - F-box domain 





S8_881633 20.2 18.6 0.087 3.12E-05 0.085 gs recovery 
S8_881693 20.2 18.7 0.060 3.97E-05 0.087 gs recovery 






S2_5679675 6.1 4.5 0.078 6.20E-06 0.085 gs recovery 
S2_5679675 6.1 4.5 0.091 1.32E-06 0.051 E recovery 
S2_5680569 7.0 5.4 0.059 2.89E-05 0.085 gs recovery 
S2_5680569 7.0 5.4 0.063 1.61E-05 0.122 E recovery 




S4_61757012 -19.2 -20.1 0.086 5.36E-06 0.155 E drought 





















S2_70749331 50.5 46.0 0.060 1.78E-05 0.085 gs recovery 













S8_6112580 2.4 1.2 0.070 1.06E-05 0.085 gs recovery 
S8_6112580 2.4 1.2 0.062 3.83E-05 0.132 A recovery 
S8_6112580 2.4 1.2 0.064 2.03E-05 0.130 E recovery 







S1_7663160 30.0 28.5 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 30.0 28.5 0.076 2.76E-05 0.132 A recovery 





















S4_61757012 -8.5 -10.8 0.086 5.36E-06 0.155 E drought 






















S4_61757012 -32.5 -34.0 0.086 5.36E-06 0.155 E drought 






























S8_881633 55.8 54.2 0.087 3.12E-05 0.085 gs recovery 


















S4_61757012 -10.9 -16.2 0.086 5.36E-06 0.155 E drought 






















S1_10003241 53.6 50.2 0.090 9.41E-06 0.085 gs recovery 










































S8_881633 -12.2 -31.5 0.087 3.12E-05 0.085 gs recovery 













S8_881633 -40.6 -42.3 0.087 3.12E-05 0.085 gs recovery 






S10_16803467 35.0 33.7 0.063 4.03E-05 0.087 gs recovery 






S10_16803467 -52.4 -53.8 0.063 4.03E-05 0.087 gs recovery 
S10_16803467 -52.4 -53.8 0.070 1.95E-05 0.132 A recovery 
pescadillo-related Sb01g011100 1 
9966806-
9973410 
S1_10003241 36.4 29.8 0.090 9.41E-06 0.085 gs recovery 
S1_10003241 36.4 29.8 0.088 9.56E-06 0.132 A recovery 
S1_10025602 58.8 52.2 0.120 2.57E-06 0.085 gs recovery 




S1_10025602 58.8 52.2 0.104 1.42E-05 0.118 ΦPSII recovery 
S1_10025602 58.8 52.2 0.104 8.94E-06 0.132 A recovery 
S1_10025602 58.8 52.2 0.113 6.15E-06 0.122 E recovery 
P-glycoprotein 2 Sb04g031170 4 
61155864-
61162414 
S4_61122741 -33.1 -39.7 0.082 2.77E-06 0.121 E drought 
















S2_5679675 28.0 22.0 0.078 6.20E-06 0.085 gs recovery 
S2_5679675 28.0 22.0 0.091 1.32E-06 0.051 E recovery 
S2_5680569 28.9 22.9 0.059 2.89E-05 0.085 gs recovery 






S4_54374776 -15.0 -18.3 0.084 2.02E-05 0.085 gs recovery 
Phosphoglucomutas
e/phosphomannomut














Supplemental Table S7. (continued) 
phosphoglycerate/bisp
hosphoglycerate 




S5_3355698 15.1 12.4 0.102 1.04E-07 0.006 gs recovery 
S5_3355698 15.1 12.4 0.070 8.91E-06 0.132 A recovery 
















S4_64314021 -15.1 -18.5 0.071 1.23E-05 0.177 qP control 
phytochrome A Sb01g009920 1 
8729578-
8737076 
S1_8777957 48.4 40.9 0.090 9.63E-06 0.085 gs recovery 
S1_8777957 48.4 40.9 0.079 3.02E-05 0.132 A recovery 
S1_8777957 48.4 40.9 0.086 1.68E-05 0.122 E recovery 
phytochrome A Sb01g009930 1 
8754916-
8758749 
S1_8777957 23.0 19.2 0.090 9.63E-06 0.085 gs recovery 
S1_8777957 23.0 19.2 0.079 3.02E-05 0.132 A recovery 
S1_8777957 23.0 19.2 0.086 1.68E-05 0.122 E recovery 
PIII4 - Proteinase 





S1_7663160 -54.6 -55.0 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 -54.6 -55.0 0.076 2.76E-05 0.132 A recovery 
S1_7663160 -54.6 -55.0 0.088 5.55E-06 0.122 E recovery 
S1_7691839 -25.9 -26.4 0.069 2.66E-05 0.085 gs recovery 
S1_7691839 -25.9 -26.4 0.065 4.15E-05 0.132 A recovery 
plant intracellular ras 




S4_54374776 -20.4 -22.4 0.084 2.02E-05 0.085 gs recovery 
plant intracellular ras 




S4_64314021 -36.8 -38.4 0.071 1.23E-05 0.177 qP control 






S1_3299477 48.6 41.1 0.090 5.62E-07 0.073 A control 



















Supplemental Table S7. (continued) 
    S4_61122741 -48.5 -52.2 0.094 3.62E-07 0.040 E 
cumulative 
response 
S4_61122741 -48.5 -52.2 0.082 2.77E-06 0.121 E drought 






S1_8612970 4.2 2.3 0.082 1.72E-05 0.085 gs recovery 
S1_8612970 4.2 2.3 0.072 2.91E-05 0.132 A recovery 
S1_8621860 13.1 11.2 0.062 5.64E-05 0.132 A recovery 





S8_881633 -49.2 -50.6 0.087 3.12E-05 0.085 gs recovery 
S8_881693 -49.1 -50.6 0.060 3.97E-05 0.087 gs recovery 
plasmodesmata-




S10_9792811 42.4 38.4 0.089 1.30E-05 0.177 qP control 
Plastid-lipid 
associated protein 





S2_67521242 -13.8 -18.0 0.056 3.31E-05 0.085 gs recovery 
PLATZ transcription 


































S1_8152122 57.3 49.8 0.070 3.14E-05 0.085 gs recovery 









S1_10003241 41.2 37.1 0.090 9.41E-06 0.085 gs recovery 
















S4_3814427 30.0 28.9 0.068 1.59E-05 0.118 ΦPSII recovery 
S4_3814427 30.0 28.9 0.057 4.53E-05 0.132 A recovery 
S4_3823650 39.2 38.1 0.069 1.32E-05 0.118 ΦPSII recovery 
S4_3823650 39.2 38.1 0.062 3.93E-05 0.132 A recovery 
S4_3823654 39.2 38.1 0.065 1.60E-05 0.118 ΦPSII recovery 
S4_3823654 39.2 38.1 0.058 4.39E-05 0.132 A recovery 









S8_6112580 45.0 37.8 0.070 1.06E-05 0.085 gs recovery 
S8_6112580 45.0 37.8 0.062 3.83E-05 0.132 A recovery 
S8_6112580 45.0 37.8 0.064 2.03E-05 0.130 E recovery 
S8_6112866 45.3 38.0 0.075 2.42E-05 0.085 gs recovery 







S5_3355698 19.2 18.1 0.102 1.04E-07 0.006 gs recovery 
S5_3355698 19.2 18.1 0.070 8.91E-06 0.132 A recovery 
S5_3355698 19.2 18.1 0.087 5.96E-07 0.034 E recovery 
Polyketide 
cyclase/dehydrase 





S1_61726216 8.6 7.3 0.065 5.40E-05 0.132 A recovery 
S1_61726220 8.6 7.3 0.065 5.40E-05 0.132 A recovery 








S1_51420743 51.3 49.7 0.067 3.01E-05 0.132 A recovery 
PRA1 (Prenylated 





S1_7320011 -49.7 -51.0 0.061 3.74E-05 0.087 gs recovery 
S1_7320011 -49.7 -51.0 0.065 3.34E-05 0.132 A recovery 
S1_7320028 -49.7 -51.0 0.065 3.05E-05 0.085 gs recovery 
S1_7320032 -49.7 -51.0 0.065 3.05E-05 0.085 gs recovery 
S1_7356148 -13.6 -14.9 0.052 5.59E-05 0.132 A recovery 

















Supplemental Table S7. (continued) 








S4_61757012 40.2 35.8 0.086 5.36E-06 0.155 E drought 
Protein kinase family 
protein with leucine-




















S1_8777957 55.5 53.7 0.090 9.63E-06 0.085 gs recovery 
S1_8777957 55.5 53.7 0.079 3.02E-05 0.132 A recovery 






S1_8777957 9.6 9.4 0.090 9.63E-06 0.085 gs recovery 
S1_8777957 9.6 9.4 0.079 3.02E-05 0.132 A recovery 






S1_8777957 9.3 7.6 0.090 9.63E-06 0.085 gs recovery 
S1_8777957 9.3 7.6 0.079 3.02E-05 0.132 A recovery 






S1_8777957 7.4 3.6 0.090 9.63E-06 0.085 gs recovery 
S1_8777957 7.4 3.6 0.079 3.02E-05 0.132 A recovery 












S4_5723712 39.9 36.6 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 39.9 36.6 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 39.9 36.6 0.067 1.79E-05 0.122 E recovery 
S4_5723722 39.9 36.6 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 39.9 36.6 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 39.9 36.6 0.067 1.79E-05 0.122 E recovery 








Supplemental Table S7. (continued) 
    
S4_5723735 39.9 36.7 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 39.9 36.7 0.067 1.79E-05 0.122 E recovery 
S4_5723965 40.2 36.9 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 40.2 36.9 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 40.2 36.9 0.069 1.24E-05 0.122 E recovery 
S4_5723985 40.2 36.9 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 40.2 36.9 0.081 5.97E-06 0.118 ΦPSII recovery 












S4_61122741 -0.9 -4.4 0.082 2.77E-06 0.121 E drought 













S5_3355698 -23.2 -27.5 0.102 1.04E-07 0.006 gs recovery 
S5_3355698 -23.2 -27.5 0.070 8.91E-06 0.132 A recovery 












S6_59932272 2.1 -2.0 0.088 2.66E-06 0.177 qP control 






S8_4642875 47.2 44.8 0.068 2.10E-05 0.085 gs recovery 
















Supplemental Table S7. (continued) 





S1_18981548 51.8 49.1 0.066 1.08E-05 0.177 qP control 





S2_70749331 30.2 28.9 0.060 1.78E-05 0.085 gs recovery 
S2_70749331 30.2 28.9 0.061 1.21E-05 0.122 E recovery 





S4_61757012 8.2 7.2 0.086 5.36E-06 0.155 E drought 














S4_61776859 28.0 27.0 0.111 1.36E-06 0.121 E drought 





S1_61726216 -44.0 -44.5 0.065 5.40E-05 0.132 A recovery 
S1_61726220 -44.0 -44.5 0.065 5.40E-05 0.132 A recovery 
S1_61729859 -40.3 -40.9 0.060 5.34E-05 0.132 A recovery 





S4_64314021 24.7 21.6 0.071 1.23E-05 0.177 qP control 














S1_2949673 41.5 40.7 0.062 1.67E-05 0.132 A recovery 





S1_2949673 39.0 38.2 0.062 1.67E-05 0.132 A recovery 





S4_3836151 -51.5 -53.0 0.075 6.30E-06 0.118 ΦPSII recovery 















Supplemental Table S7. (continued) 





S4_54374776 0.8 -0.5 0.084 2.02E-05 0.085 gs recovery 





S8_1292148 19.8 17.4 0.084 2.16E-05 0.132 A recovery 





S4_61757012 17.7 15.9 0.086 5.36E-06 0.155 E drought 














S4_61776859 37.5 35.8 0.111 1.36E-06 0.121 E drought 

















S1_8612970 10.2 7.0 0.082 1.72E-05 0.085 gs recovery 
S1_8612970 10.2 7.0 0.072 2.91E-05 0.132 A recovery 
S1_8621860 19.1 15.9 0.062 5.64E-05 0.132 A recovery 





S1_61726216 -30.4 -31.6 0.065 5.40E-05 0.132 A recovery 
S1_61726220 -30.4 -31.6 0.065 5.40E-05 0.132 A recovery 
S1_61729859 -26.7 -28.0 0.060 5.34E-05 0.132 A recovery 





S6_59577575 26.8 26.4 0.072 7.73E-06 0.177 qP control 
Protein phosphatase 




S1_3299477 17.5 12.0 0.090 5.62E-07 0.073 A control 
Protein phosphatase 





















S7_12865678 -27.0 -30.6 0.057 3.55E-05 0.087 gs recovery 








S1_7320011 33.0 29.3 0.061 3.74E-05 0.087 gs recovery 
S1_7320011 33.0 29.3 0.065 3.34E-05 0.132 A recovery 
S1_7320028 33.0 29.4 0.065 3.05E-05 0.085 gs recovery 







S5_3355698 12.0 10.7 0.102 1.04E-07 0.006 gs recovery 
S5_3355698 12.0 10.7 0.070 8.91E-06 0.132 A recovery 













S1_11229843 -19.7 -24.2 0.069 4.12E-05 0.087 gs recovery 




S1_11229843 -19.7 -24.2 0.078 1.10E-05 0.132 A recovery 
S1_11229844 -19.7 -24.2 0.069 4.12E-05 0.087 gs recovery 




S1_11229844 -19.7 -24.2 0.078 1.10E-05 0.132 A recovery 






S1_9132031 -17.5 -20.2 0.083 8.75E-06 0.177 qP control 
receptor lectin kinase Sb01g006780 1 
5704660-
5707101 
S1_5689384 -15.3 -17.7 0.059 3.94E-05 0.087 gs recovery 





S4_3814427 48.1 46.1 0.068 1.59E-05 0.118 ΦPSII recovery 
S4_3814427 48.1 46.1 0.057 4.53E-05 0.132 A recovery 





S4_3814427 40.1 37.9 0.068 1.59E-05 0.118 ΦPSII recovery 
S4_3814427 40.1 37.9 0.057 4.53E-05 0.132 A recovery 
S4_3823650 49.3 47.1 0.069 1.32E-05 0.118 ΦPSII recovery 







Supplemental Table S7. (continued) 
    S4_3823654 49.3 47.1 0.065 1.60E-05 0.118 ΦPSII recovery 
S4_3823654 49.3 47.1 0.058 4.39E-05 0.132 A recovery 
receptor-like kinase 1 Sb01g010290 1 
9132398-
9135788 









S6_60110274 -21.2 -28.3 0.071 8.79E-06 0.177 qP control 
S6_60110289 -21.2 -28.2 0.071 8.79E-06 0.177 qP control 
Regulator of Vps4 









S4_3929400 20.3 16.3 0.103 1.98E-06 0.118 ΦPSII recovery 
response regulator 24 Sb01g008510 1 
7354695-
7355691 
S1_7320011 -34.7 -35.7 0.061 3.74E-05 0.087 gs recovery 
S1_7320011 -34.7 -35.7 0.065 3.34E-05 0.132 A recovery 
S1_7320028 -34.7 -35.7 0.065 3.05E-05 0.085 gs recovery 
S1_7320032 -34.7 -35.7 0.065 3.05E-05 0.085 gs recovery 
S1_7356148 1.5 0.5 0.052 5.59E-05 0.132 A recovery 
S1_7370295 15.6 14.6 0.055 4.86E-05 0.132 A recovery 








S4_61757012 -24.5 -27.5 0.086 5.36E-06 0.155 E drought 





















S4_3814427 17.4 16.4 0.068 1.59E-05 0.118 ΦPSII recovery 
S4_3814427 17.4 16.4 0.057 4.53E-05 0.132 A recovery 
S4_3823650 26.7 25.6 0.069 1.32E-05 0.118 ΦPSII recovery 








Supplemental Table S7. (continued) 
    
S4_3823654 26.7 25.6 0.065 1.60E-05 0.118 ΦPSII recovery 
S4_3823654 26.7 25.6 0.058 4.39E-05 0.132 A recovery 
S4_3836151 39.2 38.1 0.075 6.30E-06 0.118 ΦPSII recovery 




S5_62168822 29.1 27.6 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 29.1 27.6 0.066 1.15E-05 0.122 E recovery 
S5_62168880 29.1 27.7 0.066 2.89E-05 0.085 gs recovery 






S1_10003241 14.0 12.6 0.090 9.41E-06 0.085 gs recovery 
S1_10003241 14.0 12.6 0.088 9.56E-06 0.132 A recovery 
S1_10025602 36.4 35.0 0.120 2.57E-06 0.085 gs recovery 




S1_10025602 36.4 35.0 0.104 1.42E-05 0.118 ΦPSII recovery 
S1_10025602 36.4 35.0 0.104 8.94E-06 0.132 A recovery 







S1_10172070 -14.7 -15.1 0.073 3.03E-05 0.132 A recovery 















S1_7663160 -46.3 -46.8 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 -46.3 -46.8 0.076 2.76E-05 0.132 A recovery 
S1_7663160 -46.3 -46.8 0.088 5.55E-06 0.122 E recovery 
S1_7691839 -17.6 -18.1 0.069 2.66E-05 0.085 gs recovery 
















Supplemental Table S7. (continued) 
Ribosomal protein 




S1_10172070 -18.1 -21.1 0.073 3.03E-05 0.132 A recovery 
Ribosomal protein 




S1_2949673 17.1 14.6 0.062 1.67E-05 0.132 A recovery 
Ribosomal protein 




S1_61726216 -26.7 -28.7 0.065 5.40E-05 0.132 A recovery 
S1_61726220 -26.7 -28.7 0.065 5.40E-05 0.132 A recovery 






S6_59932272 -46.1 -50.1 0.088 2.66E-06 0.177 qP control 































S2_58963955 -28.5 -34.5 0.128 6.04E-08 0.006 gs recovery 
























































S4_5723712 26.8 26.2 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 26.8 26.2 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 26.8 26.2 0.067 1.79E-05 0.122 E recovery 
S4_5723722 26.8 26.2 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 26.8 26.2 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 26.8 26.2 0.067 1.79E-05 0.122 E recovery 
S4_5723735 26.8 26.2 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 26.8 26.2 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 26.8 26.2 0.067 1.79E-05 0.122 E recovery 
S4_5723965 27.0 26.4 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 27.0 26.4 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 27.0 26.4 0.069 1.24E-05 0.122 E recovery 
S4_5723985 27.0 26.4 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 27.0 26.4 0.081 5.97E-06 0.118 ΦPSII recovery 






S5_3355698 35.1 34.3 0.102 1.04E-07 0.006 gs recovery 
S5_3355698 35.1 34.3 0.070 8.91E-06 0.132 A recovery 






S5_3355698 -13.9 -16.2 0.102 1.04E-07 0.006 gs recovery 
S5_3355698 -13.9 -16.2 0.070 8.91E-06 0.132 A recovery 
S5_3355698 -13.9 -16.2 0.087 5.96E-07 0.034 E recovery 
RIPER3 - Ripening-










S1_19558512 53.7 53.2 0.072 1.13E-05 0.118 ΦPSII recovery 
RIPER3 - Ripening-




































S4_3929400 -28.6 -41.2 0.103 1.98E-06 0.118 ΦPSII recovery 





S8_6112580 0.8 -2.6 0.070 1.06E-05 0.085 gs recovery 
S8_6112580 0.8 -2.6 0.062 3.83E-05 0.132 A recovery 
S8_6112580 0.8 -2.6 0.064 2.03E-05 0.130 E recovery 






























S8_1292148 26.9 22.2 0.084 2.16E-05 0.132 A recovery 
RNA-binding 
(RRM/RBD/RNP motifs) 






S2_5679675 2.6 -0.6 0.078 6.20E-06 0.085 gs recovery 
S2_5679675 2.6 -0.6 0.091 1.32E-06 0.051 E recovery 
S2_5680569 3.5 0.3 0.059 2.89E-05 0.085 gs recovery 





























S8_881633 12.0 8.4 0.087 3.12E-05 0.085 gs recovery 







S4_5723712 2.0 -6.2 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 2.0 -6.2 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 2.0 -6.2 0.067 1.79E-05 0.122 E recovery 
S4_5723722 2.0 -6.2 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 2.0 -6.2 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 2.0 -6.2 0.067 1.79E-05 0.122 E recovery 
S4_5723735 2.0 -6.1 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 2.0 -6.1 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 2.0 -6.1 0.067 1.79E-05 0.122 E recovery 
S4_5723965 2.3 -5.9 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 2.3 -5.9 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 2.3 -5.9 0.069 1.24E-05 0.122 E recovery 
S4_5723985 2.3 -5.9 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 2.3 -5.9 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723985 2.3 -5.9 0.069 1.24E-05 0.122 E recovery 







S4_46364030 -13.9 -21.3 0.056 2.98E-05 0.085 gs recovery 
S4_46364036 -13.9 -21.3 0.056 2.98E-05 0.085 gs recovery 
S4_46364048 -13.9 -21.2 0.056 2.98E-05 0.085 gs recovery 



































S2_5679675 40.6 37.9 0.078 6.20E-06 0.085 gs recovery 
S2_5679675 40.6 37.9 0.091 1.32E-06 0.051 E recovery 
S2_5680569 41.4 38.7 0.059 2.89E-05 0.085 gs recovery 














































S6_60110274 15.1 14.7 0.071 8.79E-06 0.177 qP control 







S6_60110274 11.4 11.0 0.071 8.79E-06 0.177 qP control 






S5_62168822 45.1 40.5 0.065 1.41E-05 0.085 gs recovery 
S5_62168822 45.1 40.5 0.070 5.31E-06 0.059 Fv'/Fm' recovery 
S5_62168822 45.1 40.5 0.066 1.15E-05 0.122 E recovery 
S5_62168880 45.2 40.6 0.066 2.89E-05 0.085 gs recovery 








Supplemental Table S7. (continued) 
SCAMP family protein Sb07g004140 7 
5234702-
5237263 




SCAR homolog 2 Sb01g003570 1 
2894446-
2904075 
S1_2949673 55.2 45.6 0.062 1.67E-05 0.132 A recovery 




S1_61726216 58.9 53.2 0.065 5.40E-05 0.132 A recovery 
S1_61726220 58.9 53.2 0.065 5.40E-05 0.132 A recovery 




S5_62168822 18.5 15.9 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 18.5 15.9 0.066 1.15E-05 0.122 E recovery 
S5_62168880 18.6 15.9 0.066 2.89E-05 0.085 gs recovery 
S5_62168893 18.6 15.9 0.066 2.89E-05 0.085 gs recovery 




S5_62168822 -12.3 -14.5 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 -12.3 -14.5 0.066 1.15E-05 0.122 E recovery 
S5_62168880 -12.3 -14.4 0.066 2.89E-05 0.085 gs recovery 
S5_62168893 -12.3 -14.4 0.066 2.89E-05 0.085 gs recovery 




S5_62168822 -19.3 -21.4 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 -19.3 -21.4 0.066 1.15E-05 0.122 E recovery 
S5_62168880 -19.2 -21.3 0.066 2.89E-05 0.085 gs recovery 
S5_62168893 -19.2 -21.3 0.066 2.89E-05 0.085 gs recovery 




S5_62168822 -33.7 -35.1 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 -33.7 -35.1 0.066 1.15E-05 0.122 E recovery 
S5_62168880 -33.7 -35.0 0.066 2.89E-05 0.085 gs recovery 














S5_62168822 -39.5 -41.2 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 -39.5 -41.2 0.066 1.15E-05 0.122 E recovery 
S5_62168880 -39.5 -41.1 0.066 2.89E-05 0.085 gs recovery 






S5_62168822 -46.8 -48.5 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 -46.8 -48.5 0.066 1.15E-05 0.122 E recovery 
S5_62168880 -46.8 -48.5 0.066 2.89E-05 0.085 gs recovery 
S5_62168893 -46.8 -48.5 0.066 2.89E-05 0.085 gs recovery 
SCARECROW-like 8 Sb04g031770 4 
61710272-
61712418 
S4_61757012 46.7 44.6 0.086 5.36E-06 0.155 E drought 
S-domain-2 5 Sb06g031180 6 
59528932-
59533930 







S1_7320011 -10.3 -13.7 0.061 3.74E-05 0.087 gs recovery 
S1_7320011 -10.3 -13.7 0.065 3.34E-05 0.132 A recovery 
S1_7320028 -10.3 -13.7 0.065 3.05E-05 0.085 gs recovery 
S1_7320032 -10.3 -13.7 0.065 3.05E-05 0.085 gs recovery 
S1_7356148 25.9 22.4 0.052 5.59E-05 0.132 A recovery 
S1_7370295 40.0 36.5 0.055 4.86E-05 0.132 A recovery 
SECY homolog 1 Sb07g007870 7 
13052332-
13061340 
S7_13086524 34.2 25.2 0.056 3.26E-05 0.085 gs recovery 
S7_13086524 34.2 25.2 0.053 4.46E-05 0.132 A recovery 
S7_13086535 34.2 25.2 0.056 3.76E-05 0.087 gs recovery 
S7_13086535 34.2 25.2 0.056 3.70E-05 0.132 A recovery 
S7_13086537 34.2 25.2 0.056 3.84E-05 0.087 gs recovery 
S7_13086537 34.2 25.2 0.056 3.79E-05 0.132 A recovery 









Supplemental Table S7. (continued) 
    S7_13086538 34.2 25.2 0.056 3.65E-05 0.132 A recovery 
seed imbibition 2 Sb01g004130 1 
3327321-
3332332 
S1_3299477 -27.8 -32.9 0.090 5.62E-07 0.073 A control 


































S1_7663160 -43.1 -43.5 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 -43.1 -43.5 0.076 2.76E-05 0.132 A recovery 
S1_7663160 -43.1 -43.5 0.088 5.55E-06 0.122 E recovery 
S1_7691839 -14.5 -14.8 0.069 2.66E-05 0.085 gs recovery 
S1_7691839 -14.5 -14.8 0.065 4.15E-05 0.132 A recovery 




S2_67521242 -33.4 -36.2 0.056 3.31E-05 0.085 gs recovery 
SHV3-like 5 Sb04g005910 4 
5756085-
5757702 
S4_5723712 -32.4 -34.0 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 -32.4 -34.0 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 -32.4 -34.0 0.067 1.79E-05 0.122 E recovery 
S4_5723722 -32.4 -34.0 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 -32.4 -34.0 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 -32.4 -34.0 0.067 1.79E-05 0.122 E recovery 
S4_5723735 -32.4 -34.0 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 -32.4 -34.0 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 -32.4 -34.0 0.067 1.79E-05 0.122 E recovery 
S4_5723965 -32.1 -33.7 0.077 5.22E-06 0.085 gs recovery 








Supplemental Table S7. (continued) 
    
S4_5723965 -32.1 -33.7 0.069 1.24E-05 0.122 E recovery 
S4_5723985 -32.1 -33.7 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 -32.1 -33.7 0.081 5.97E-06 0.118 ΦPSII recovery 






S1_8002459 -9.5 -15.2 0.057 3.01E-05 0.085 gs recovery 














sirtuin 2 Sb08g004900 8 
6081334-
6086296 
S8_6112580 31.2 26.3 0.070 1.06E-05 0.085 gs recovery 
S8_6112580 31.2 26.3 0.062 3.83E-05 0.132 A recovery 
S8_6112580 31.2 26.3 0.064 2.03E-05 0.130 E recovery 
S8_6112866 31.5 26.6 0.075 2.42E-05 0.085 gs recovery 
S-locus lectin protein 




S1_17880348 -21.9 -22.5 0.064 2.78E-05 0.085 gs recovery 
SLOW GROWTH 1 Sb08g001305 8 
1296970-
1298553 
S8_1292148 -4.8 -6.4 0.084 2.16E-05 0.132 A recovery 
SMAD/FHA domain-




S1_8002459 26.8 25.1 0.057 3.01E-05 0.085 gs recovery 










S4_3814427 15.7 8.1 0.068 1.59E-05 0.118 ΦPSII recovery 
S4_3814427 15.7 8.1 0.057 4.53E-05 0.132 A recovery 
S4_3823650 24.9 17.3 0.069 1.32E-05 0.118 ΦPSII recovery 
S4_3823650 24.9 17.3 0.062 3.93E-05 0.132 A recovery 
S4_3823654 24.9 17.3 0.065 1.60E-05 0.118 ΦPSII recovery 
S4_3823654 24.9 17.3 0.058 4.39E-05 0.132 A recovery 









Supplemental Table S7. (continued) 
SNARE associated 





S2_67521242 46.6 42.9 0.056 3.31E-05 0.085 gs recovery 
SNARE associated 




















S1_2949673 -49.9 -52.8 0.062 1.67E-05 0.132 A recovery 
Stabilizer of iron 







S2_67521242 18.8 15.4 0.056 3.31E-05 0.085 gs recovery 
Stabilizer of iron 







S2_67521242 -42.8 -48.4 0.056 3.31E-05 0.085 gs recovery 
Stabilizer of iron 




















S8_6112580 49.9 45.8 0.070 1.06E-05 0.085 gs recovery 
S8_6112580 49.9 45.8 0.062 3.83E-05 0.132 A recovery 
S8_6112580 49.9 45.8 0.064 2.03E-05 0.130 E recovery 
S8_6112866 50.2 46.1 0.075 2.42E-05 0.085 gs recovery 





S4_3836151 -42.9 -46.9 0.075 6.30E-06 0.118 ΦPSII recovery 











Supplemental Table S7. (continued) 
    S4_3929400 50.4 46.4 0.103 1.98E-06 0.118 ΦPSII recovery 




S2_70749331 18.6 16.1 0.060 1.78E-05 0.085 gs recovery 
S2_70749331 18.6 16.1 0.061 1.21E-05 0.122 E recovery 
sulfotransferase 4A Sb04g003960 4 
3792438-
3793769 
S4_3814427 22.0 20.7 0.068 1.59E-05 0.118 ΦPSII recovery 
S4_3814427 22.0 20.7 0.057 4.53E-05 0.132 A recovery 
S4_3823650 31.2 29.9 0.069 1.32E-05 0.118 ΦPSII recovery 
S4_3823650 31.2 29.9 0.062 3.93E-05 0.132 A recovery 
S4_3823654 31.2 29.9 0.065 1.60E-05 0.118 ΦPSII recovery 
S4_3823654 31.2 29.9 0.058 4.39E-05 0.132 A recovery 






S8_5900864 -41.5 -48.8 0.096 1.44E-05 0.122 E recovery 
S8_5949187 6.8 -0.5 0.059 3.31E-05 0.085 gs recovery 
syntaxin  of plants 111 Sb01g008840 1 
7618488-
7619630 
S1_7663160 44.7 43.5 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 44.7 43.5 0.076 2.76E-05 0.132 A recovery 







S4_3814427 -48.1 -53.2 0.068 1.59E-05 0.118 ΦPSII recovery 
S4_3814427 -48.1 -53.2 0.057 4.53E-05 0.132 A recovery 
S4_3823650 -38.8 -43.9 0.069 1.32E-05 0.118 ΦPSII recovery 
S4_3823650 -38.8 -43.9 0.062 3.93E-05 0.132 A recovery 
S4_3823654 -38.8 -43.9 0.065 1.60E-05 0.118 ΦPSII recovery 
S4_3823654 -38.8 -43.9 0.058 4.39E-05 0.132 A recovery 







S1_7320011 19.5 17.6 0.061 3.74E-05 0.087 gs recovery 
S1_7320011 19.5 17.6 0.065 3.34E-05 0.132 A recovery 
S1_7320028 19.5 17.6 0.065 3.05E-05 0.085 gs recovery 
S1_7320032 19.5 17.6 0.065 3.05E-05 0.085 gs recovery 
















S1_8152122 44.8 43.0 0.070 3.14E-05 0.085 gs recovery 














S1_48981201 28.6 27.2 0.093 5.33E-06 0.118 ΦPSII recovery 






























S1_9132031 -54.6 -56.8 0.083 8.75E-06 0.177 qP control 
thioredoxin H-type 1 Sb02g004870 2 
5633851-
5634778 
S2_5679675 45.8 44.9 0.078 6.20E-06 0.085 gs recovery 
S2_5679675 45.8 44.9 0.091 1.32E-06 0.051 E recovery 
S2_5680569 46.7 45.8 0.059 2.89E-05 0.085 gs recovery 






S2_5679675 50.7 49.9 0.078 6.20E-06 0.085 gs recovery 
S2_5679675 50.7 49.9 0.091 1.32E-06 0.051 E recovery 
S2_5680569 51.6 50.8 0.059 2.89E-05 0.085 gs recovery 

































S2_58963955 -35.1 -38.3 0.128 6.04E-08 0.006 gs recovery 








S2_58963955 -35.1 -38.3 0.115 2.91E-07 0.034 E recovery 
Transducin family 





S1_7663160 -20.3 -25.8 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 -20.3 -25.8 0.076 2.76E-05 0.132 A recovery 
S1_7663160 -20.3 -25.8 0.088 5.55E-06 0.122 E recovery 
S1_7691839 8.4 2.9 0.069 2.66E-05 0.085 gs recovery 







S1_10003241 22.7 19.1 0.090 9.41E-06 0.085 gs recovery 
S1_10003241 22.7 19.1 0.088 9.56E-06 0.132 A recovery 
S1_10025602 45.1 41.5 0.120 2.57E-06 0.085 gs recovery 




S1_10025602 45.1 41.5 0.104 1.42E-05 0.118 ΦPSII recovery 
S1_10025602 45.1 41.5 0.104 8.94E-06 0.132 A recovery 










































Supplemental Table S7. (continued) 



















S1_61726216 52.6 49.4 0.065 5.40E-05 0.132 A recovery 
S1_61726220 52.6 49.4 0.065 5.40E-05 0.132 A recovery 
S1_61729859 56.2 53.0 0.060 5.34E-05 0.132 A recovery 






S4_5723712 -41.3 -44.4 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 -41.3 -44.4 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 -41.3 -44.4 0.067 1.79E-05 0.122 E recovery 
S4_5723722 -41.3 -44.4 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 -41.3 -44.4 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 -41.3 -44.4 0.067 1.79E-05 0.122 E recovery 
S4_5723735 -41.2 -44.4 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 -41.2 -44.4 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 -41.2 -44.4 0.067 1.79E-05 0.122 E recovery 
S4_5723965 -41.0 -44.1 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 -41.0 -44.1 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 -41.0 -44.1 0.069 1.24E-05 0.122 E recovery 
S4_5723985 -41.0 -44.1 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 -41.0 -44.1 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723985 -41.0 -44.1 0.069 1.24E-05 0.122 E recovery 
transmembrane kinase 1 Sb01g010110 1 
8954614-
8958780 





































S5_62168822 37.9 36.1 0.065 1.41E-05 0.085 gs recovery 




S5_62168822 37.9 36.1 0.066 1.15E-05 0.122 E recovery 
S5_62168880 38.0 36.1 0.066 2.89E-05 0.085 gs recovery 







S6_59932272 -24.3 -25.7 0.088 2.66E-06 0.177 qP control 
S6_59980948 24.4 23.0 0.070 1.22E-05 0.177 qP control 
Trypsin family 





S1_7691839 -35.4 -41.9 0.069 2.66E-05 0.085 gs recovery 
S1_7691839 -35.4 -41.9 0.065 4.15E-05 0.132 A recovery 
Trypsin family 





S1_7691839 -54.2 -71.9 0.069 2.66E-05 0.085 gs recovery 
S1_7691839 -54.2 -71.9 0.065 4.15E-05 0.132 A recovery 
Trypsin family 





S6_60110274 -13.4 -16.3 0.071 8.79E-06 0.177 qP control 
S6_60110289 -13.4 -16.3 0.071 8.79E-06 0.177 qP control 
tubby like protein 1 Sb08g004000 8 
4685852-
4690841 











































S2_67521242 14.8 12.7 0.056 3.31E-05 0.085 gs recovery 
ubiquitin-associated 
(UBA)/TS-N domain-




















S6_60110274 61.7 51.6 0.071 8.79E-06 0.177 qP control 






S6_59932272 -31.3 -32.8 0.088 2.66E-06 0.177 qP control 









































Supplemental Table S7. (continued) 
Uncharacterised 
conserved protein 




S1_8002459 10.4 8.3 0.057 3.01E-05 0.085 gs recovery 




S1_8002459 10.4 8.3 0.053 5.60E-05 0.132 A recovery 
Uncharacterised 
conserved protein 




S1_8002459 7.9 5.8 0.057 3.01E-05 0.085 gs recovery 











S1_61726216 41.1 38.8 0.065 5.40E-05 0.132 A recovery 
S1_61726220 41.2 38.8 0.065 5.40E-05 0.132 A recovery 
S1_61729859 44.8 42.5 0.060 5.34E-05 0.132 A recovery 
uncharacterized 50.6 
kDa protein in the 




































S8_4642875 29.9 26.1 0.068 2.10E-05 0.085 gs recovery 
WHIRLY 2 Sb04g004060 4 
3883274-
3886419 
S4_3836151 -47.1 -50.3 0.075 6.30E-06 0.118 ΦPSII recovery 










S2_70749331 32.8 32.5 0.060 1.78E-05 0.085 gs recovery 















S1_7356148 -26.7 -29.0 0.052 5.59E-05 0.132 A recovery 




















S1_10003241 -19.5 -22.3 0.090 9.41E-06 0.085 gs recovery 
S1_10003241 -19.5 -22.3 0.088 9.56E-06 0.132 A recovery 
S1_10025602 2.8 0.1 0.120 2.57E-06 0.085 gs recovery 




S1_10025602 2.8 0.1 0.104 1.42E-05 0.118 ΦPSII recovery 
S1_10025602 2.8 0.1 0.104 8.94E-06 0.132 A recovery 
S1_10025602 2.8 0.1 0.113 6.15E-06 0.122 E recovery 
ZIM-LIKE 2 Sb01g008950 1 
7699409-
7702731 
S1_7663160 -36.2 -39.6 0.086 6.16E-06 0.085 gs recovery 
S1_7663160 -36.2 -39.6 0.076 2.76E-05 0.132 A recovery 
S1_7663160 -36.2 -39.6 0.088 5.55E-06 0.122 E recovery 
S1_7691839 -7.6 -10.9 0.069 2.66E-05 0.085 gs recovery 
S1_7691839 -7.6 -10.9 0.065 4.15E-05 0.132 A recovery 
zinc finger (C2H2 











S6_60110274 -53.8 -59.9 0.071 8.79E-06 0.177 qP control 
S6_60110289 -53.8 -59.9 0.071 8.79E-06 0.177 qP control 





S10_17919861 -12.7 -15.3 0.065 1.14E-05 0.132 A recovery 
Zinc-finger domain of 
monoamine-oxidase 
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S8_6269394 54.6 51.2 0.081 1.07E-05 0.132 A recovery 
ZOS12-01 - C2H2 




S3_56905719 57.5 49.7 0.070 3.17E-05 0.085 gs recovery 
ZOS12-01 - C2H2 




S3_56905719 49.6 48.7 0.070 3.17E-05 0.085 gs recovery 





S1_10003241 -45.7 -47.0 0.090 9.41E-06 0.085 gs recovery 
S1_10003241 -45.7 -47.0 0.088 9.56E-06 0.132 A recovery 
S1_10025602 -23.3 -24.6 0.120 2.57E-06 0.085 gs recovery 




S1_10025602 -23.3 -24.6 0.104 1.42E-05 0.118 ΦPSII recovery 
S1_10025602 -23.3 -24.6 0.104 8.94E-06 0.132 A recovery 
S1_10025602 -23.3 -24.6 0.113 6.15E-06 0.122 E recovery 
  Sb01g011135 1 
9991858-
9992349 
S1_10003241 11.4 10.9 0.090 9.41E-06 0.085 gs recovery 
S1_10003241 11.4 10.9 0.088 9.56E-06 0.132 A recovery 
S1_10025602 33.7 33.3 0.120 2.57E-06 0.085 gs recovery 




S1_10025602 33.7 33.3 0.104 1.42E-05 0.118 ΦPSII recovery 
S1_10025602 33.7 33.3 0.104 8.94E-06 0.132 A recovery 
S1_10025602 33.7 33.3 0.113 6.15E-06 0.122 E recovery 
  Sb01g011350 1 
10197451-
10198569 
S1_10172070 -25.4 -26.5 0.073 3.03E-05 0.132 A recovery 
  Sb01g028110 1 
48992053-
48992644 
S1_48981201 -10.9 -11.4 0.093 5.33E-06 0.118 ΦPSII recovery 
S1_48981201 -10.9 -11.4 0.079 3.57E-05 0.132 A recovery 
  Sb02g036350 2 
70763839-
70764495 
S2_70749331 -14.5 -15.2 0.060 1.78E-05 0.085 gs recovery 
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  Sb04g004113 4 
3913681-
3913965 




S4_3929400 15.7 15.4 0.103 1.98E-06 0.118 ΦPSII recovery 
  Sb04g004130 4 
3932837-
3934338 




S4_3929400 -3.4 -4.9 0.103 1.98E-06 0.118 ΦPSII recovery 
  Sb04g004140 4 
3950962-
3951259 




S4_3929400 -21.6 -21.9 0.103 1.98E-06 0.118 ΦPSII recovery 
  Sb04g005905 4 
5751010-
5751340 
S4_5723712 -27.3 -27.6 0.072 1.16E-05 0.085 gs recovery 
S4_5723712 -27.3 -27.6 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723712 -27.3 -27.6 0.067 1.79E-05 0.122 E recovery 
S4_5723722 -27.3 -27.6 0.072 1.16E-05 0.085 gs recovery 
S4_5723722 -27.3 -27.6 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723722 -27.3 -27.6 0.067 1.79E-05 0.122 E recovery 
S4_5723735 -27.3 -27.6 0.072 1.16E-05 0.085 gs recovery 
S4_5723735 -27.3 -27.6 0.072 1.43E-05 0.118 ΦPSII recovery 
S4_5723735 -27.3 -27.6 0.067 1.79E-05 0.122 E recovery 
S4_5723965 -27.0 -27.4 0.077 5.22E-06 0.085 gs recovery 
S4_5723965 -27.0 -27.4 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723965 -27.0 -27.4 0.069 1.24E-05 0.122 E recovery 
S4_5723985 -27.0 -27.4 0.077 5.22E-06 0.085 gs recovery 
S4_5723985 -27.0 -27.4 0.081 5.97E-06 0.118 ΦPSII recovery 
S4_5723985 -27.0 -27.4 0.069 1.24E-05 0.122 E recovery 
  Sb05g003041 5 
3362786-
3364083 
S5_3355698 -7.1 -8.4 0.102 1.04E-07 0.006 gs recovery 
S5_3355698 -7.1 -8.4 0.070 8.91E-06 0.132 A recovery 
S5_3355698 -7.1 -8.4 0.087 5.96E-07 0.034 E recovery 
  Sb06g031580 6 
59935650-
59936731 
S6_59932272 -3.4 -4.5 0.088 2.66E-06 0.177 qP control 
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S7_58584926 -10.7 -12.3 0.068 2.50E-05 0.085 gs recovery 
  Sb10g009165 10 
9790776-
9792362 























Supplemental table S8. Identification of gas exchange and photoprotection a priori candidate genes in sorghum and the corresponding SNP markers localized 











APE1 acclimation of photosynthesis 
to environment 
Sb07g015170 37950430 - 
37954729 
AT5G38660 62% S7_37948459 
OS08T0359000 80% S7_37949872 
GRMZM2G099367 95% S7_37951794 
    S7_37954090 
CCD1 carotenoid cleavage 
dioxygenase 1 
Sb01g047540 70638155 - 
70645194 
AT3G63520 77% S1_70644064 
OS12G0640600 89% S1_70646098 
GRMZM2G057243 96% S1_70648315 
    S1_70648341 
CCD7 carotenoid cleavage 
dioxygenase 7  
Sb06g024560 53677260 - 
53679729 
AT2G44990 50% S6_53677478 
OS04T0550600 74% S6_53677484 
GRMZM2G158657 87% S6_53677493 
  S6_53677761 
  S6_53677762 
    S6_53678974 
CHY1 Beta-carotene 3-hydroxylase 
1 
Sb01g048860 71836409 - 
71838388 
AT4G25700 65% S1_71838629 
AT5G52570 65% S1_71838659 
OS10G0533500 78% S1_71838695 
GRMZM5G826824 58%  
GRMZM2G382534 89%   
CP29 RNA-binding protein 
CP29A/B 
Sb02g040260 74254800 - 
74256992 
AT3G53460 59% S2_74252150 
AT2G37220 59% S2_74255215 
OS07G0631900 80% S2_74255701 
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    GRMZM2G068715 94%   
CRR6 chlororespiratory reduction 6 Sb02g024420 58725697 
- 
58728694 
AT2G47910 53% S2_58725895 
OS08G0167500 68% S2_58726073 
GRMZM2G106164 86% S2_58727197 
CRTISO Prolycopene isomerase Sb05g022240 53890624 
- 
53895353 
AT1G06820 75% S5_53891248 
OS11T0572700 75% S5_53891333 
GRMZM2G106531 77% S5_53891334 
  S5_53891369 
  S5_53891407 
 
 S5_53891420 
    S5_53895485 





AT3G53130 71% S1_52248785 
OS10G0546600 84% S1_52248786 
GRMZM2G143202 70% S1_52251006 
  S1_52251033 
  S1_52251053 
  S1_52251056 
 
 S1_52257001 
    S1_52258392 
DXR 1-deoxy-D-xylulose 5-
phosphate reductoisomerase 
Sb03g008650 9281158 - 
9287496 
AT5G62790 83% S3_9281923 
OS01G0106900 92% S3_9285167 
GRMZM2G036290 93% S3_9287225 
GRMZM2G056975 98% S3_9288729 
  S3_9288785 
  S3_9288823 
 
 S3_9288955 
    S3_9289054 
DXS 1-deoxy-D-xylulose 5-
phosphate synthase 
Sb02g005380 6284432 - 
6287006  
AT4G15560 74% S2_6279496 
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  S2_6284675 
  S2_6284752 



















AT4G15560 79% S9_49261636 
AT3G21500 66% S9_49261711 
OS05T0408900 89% S9_49262229 
GRMZM2G137151 95% S9_49263863 
  S9_49264299 
  S9_49265158 
  S9_49265379 





    S9_49271162 
DXS 1-deoxy-D-xylulose 5-
phosphate synthase 3 
Sb10g002960 2574825 - 
2579870 
AT5G11380 58% S10_2571769 
OS06T0142900 29% S10_2571989 
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  S10_2574790 
  S10_2574829 









    S10_2579372 
FNR Ferredoxin--NADP reductase Sb03g046340 73473722 
- 
73476708 
AT1G20020 72% S3_73473327 
AT5G66190 76% S3_73473341 
OS02T0103800 79% S3_73474122 
GRMZM2G059083 91% S3_73474231 
  S3_73474232 
  S3_73474329 
 
 S3_73478157 
   S3_73478230 
FNR1/2 Ferredoxin--NADP reductase Sb10g000720 451181 - 
453666 
AT1G20020 76% S10_448274 
AT5G66190 75% S10_448275 
OS06T0107700 83% S10_448973 
GRMZM2G395728 48% S10_449072 
GRMZM2G320305 34% S10_456984 
GRMZM2G168143 91% S10_457206 









AT3G02450 53% S6_48905545 
OS04T0466100 28% S6_48906588 
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 S6_48910967 
  S6_48911464 
  S6_48911960 





      
FTSH1/5 ATP-dependent zinc 




AT5G42270 78% S10_60344724 
AT1G50250 77% S10_60344774 
OS06T0725900 87% S10_60346139 
GRMZM2G126361 90% S10_60346295 
  S10_60346334 
  S10_60346397 
  S10_60349802 
 
 S10_60349940 
    S10_60351890 
FTSH11 ATP-dependent zinc 




AT5G53170 71% S3_55888498 
OS01G0618800 38% S3_55889228 
GRMZM2G156069 94% S3_55891745 
GRMZM2G004040 93% S3_55892252 
 
 S3_55892519 
  S3_55892567 
  S3_55892681 
  S3_55892702 
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 S3_55904869 
   S3_55905117 
FTSH3 ATP-dependent zinc 




AT2G29080 71% S9_52151064 
OS05T0458400 88% S9_52154746 
GRMZM2G038401 95% S9_52156357 
    S9_52157218 
FTSH4 ATP-dependent zinc 




AT2G26140 75% S3_51940793 
OS01G0574500 89% S3_51940901 
GRMZM2G463032 96% S3_51941107 











  S3_51945867 
  S3_51945868 
  S3_51945869 
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FTSH4 ATP-dependent zinc 




AT2G26140 67% S9_59210016 
OS01T0574400 71% S9_59210312 
GRMZM2G451483 86% S9_59210604 
  S9_59210769 
  S9_59210839 





   S9_59211899 
FTSH6 ATP-dependent zinc 
metalloprotease FTSH 6 
Sb10g008130 8170417 - 
8172999 
AT5G15250 70% S10_8171106 
OS06T0229066 61% S10_8171635 
GRMZM2G048836 94% S10_8171741 
FTSH8 ATP-dependent zinc 




AT1G06430 84% S10_56258984 
OS06T0669400 96% S10_56264632 
GRMZM2G087598 99% S10_56265746 
  S10_56266217 
    S10_56269195 
FTSH9 ATP-dependent zinc 




AT5G58870 64% S4_63249332 
OS02T0649700 91% S4_63252033 
GRMZM2G163193 95% S4_63252052 
  S4_63254265 
    S4_63255628 
GUN2/HO Heme oxygenase Sb10g023510 52141647 
- 
52145941 
AT2G26670 55% S10_52137893 
AT1G69720 55% S10_52138256 
AT1G58300 46% S10_52139768 
OS06T0603000 76% S10_52140579 
GRMZM2G043277 88% S10_52140615 
GRMZM2G101004 89% S10_52140627 
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  S10_52143153 






   S3_73034309 
AT3G09150 53% S3_73034497 
OS01T0949400 76% S3_73035800 
GRMZM5G861678 88% S3_73036099 
    S3_73036340 
GUN4 Tetrapyrrole-binding protein Sb08g003300 3647507 - 
3648701 
AT3G59400 45% S8_3643783 
OS11T0267000 73% S8_3647863 
GRMZM2G464328 79% S8_3647914 





AT5G13630 83% S6_60840346 
OS07T0656500 45% S6_60846772 
GRMZM2G323024 98% S6_60846820 
OS03T0323200 62% S6_60846841 
  S6_60846861 
  S6_60846863 





    S6_60847799 
HDR 4-hydroxy-3-methylbut-2-enyl 
diphosphate reductase 
Sb01g009140 7893910 - 
7897658 
AT4G34350 78% S1_7890879 
OS03G0731900 90% S1_7893625 







  S1_7896275 
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    S1_7899800 





AT4G25700 58% S6_55217763 
OS04T0578400 82% S6_55221463 
GRMZM2G164318 91% S6_55221542 
GRMZM2G152135 78% S6_55221567 
  S6_55221579 
  S6_55223623 





    S6_55227930 
LCY1 Lycopene beta cyclase Sb04g006120 6052606 - 
6054084 
AT3G10230 68% S4_6058124 
OS02T0190600 85% S4_6058151 
GRMZM5G849107 92% S4_6058254 
LCYE Lycopene epsilon cyclase Sb03g026020 52309129 
- 
52313359 
AT5G57030 64% S3_52304288 
OS01G0581300 81% S3_52304290 
 
 S3_52305555 
  S3_52305557 
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       S3_52315582 
LHCA3 photosystem I light harvesting 




AT1G61520 82% S10_52700128 
OS02T0197600 81% S10_52700577 
GRMZM2G010884 97% S10_52704574 
  S10_52705262 
    S10_52705311 





AT1G29910 88% S2_66786514 
AT2G34420 89% S2_66788690 
AT1G29930 88% S2_66789476 
AT2G34430 88% S2_66789535 
AT1G29920 88% S2_66789669 
AC207722.2_FG009 98%  
AT1G29910 93%  
AT2G34420 94%  
AT1G29930 93%  
AT2G34430 94%  
AT1G29920 93%  
AC207722_FGP009 98%   





AT2G34420 86% S3_54201144 
AT1G29930 86% S3_54201150 
AT2G34430 86% S3_54201282 
AT1G29910 86% S3_54201302 
AT1G29920 86% S3_54201328 
OS01G0720500 93%  
OS01G0600900 94%  
OS09G0346500 92%  














AT2G34420 87% S3_54239297 
AT1G29930 86% S3_54239492 
AT2G34430 87% S3_54240667 
AT1G29920 86% S3_54241971 
AT1G29910 86% S3_54244841 
OS09G0346500 92% S3_54244907 
OS01G0720500 94% S3_54244986 
OS01G0600900 94% S3_54245015 
GRMZM2G351977 97% S3_54245019 
    S3_54245363 
LHCB1/2 Chlorophyll a-b binding 
protein 1/photosystem II light 





AT1G29910 88% S9_57561138 
GRMZM2G155216 98%  
AT2G34420 89%  
AT1G29930 88%  
AT2G34430 87%  
AT1G29920 88%   
LHCB2 photosystem II light 




AT2G05100 85% S1_14899450 
AT3G27690 85% S1_14899502 
AT2G05070 84% S1_14904019 
OS03G0592500 95% S1_14905257 
GRMZM2G018627_P02 98%  
GRMZM2G414192 98%  
GRMZM2G105518 45%   
LHCB3 light-harvesting chlorophyll 




AT5G54270 87% S2_70790730 
OS07G0562700 91% S2_70790987 
GRMZM2G057281 99% S2_70791075 





AT4G10340 78% S5_12426764 
OS11T0242800 92% S5_12426768 
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 S5_12426777 
  S5_12426881 
  S5_12426887 





    S5_12429941 
LHCB6 light harvesting complex 




AT1G15820 77% S6_60810093 
OS04T0457000 90%  
GRMZM2G039996 93%  
GRMZM2G092427 90%  
AC194734_FGP004 29%   
LHCI Photosystem I light 
harvesting complex gene 1 
Sb04g004770 4584994 - 
4586263 
AT3G54890 75% S4_4582469 
OS06T0320500 92% S4_4584885 
GRMZM2G092311 95% S4_4585009 
GRMZM2G036880 93% S4_4585018 
  S4_4585021 
    S4_4585022 
NCED 9-cis-epoxycarotenoid 
dioxygenase NCED 
Sb02g003230 3685726 - 
3687446 
AT1G78390 61% S2_3686780 
AT3G14440 60% S2_3686792 
AT1G30100 60% S2_3686970 
AT4G18350 57% S2_3686971 
OS07G0154100 80%  
GRMZM2G330848 50%  
GRMZM2G417954 93%  
GRMZM2G408158 92%   
NDF2/NDH45 Photosynthetic NDH subunit 




AT1G64770 40% S1_69734070 
OS03G0158300 78% S1_69738474 
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    GRMZM2G034243 85% S1_69744538 
NDF2/NDH45 Photosynthetic NDH subunit 




AT1G18730 42% S6_48099768 
OS02T0744000 70% S6_48104700 
GRMZM2G162233 85% S6_48104701 
  S6_48104769 
  S6_48104786 





      
NDHL NAD(P)H-quinone 




AT1G70760 34% S2_58865273 
OS05G0348100 38% S2_58865311 
GRMZM5G851051 79% S2_58865356 
  S2_58865621 
  S2_58865625 





    S2_58867973 
NDHM NAD(P)H-quinone 




AT4G37925 45% S6_52930656 
OS04T0539000 69% S6_52930694 
GRMZM2G109244 82% S6_52932912 
  S6_52933235 
  S6_52933565 
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ndhN NAD(P)H-quinone 




AT5G58260 60% S3_69290952 
OS01G0882500 79% S3_69291030 
GRMZM2G110277 88%   
ndhO NAD(P)H-quinone 




AT1G74880 56% S3_73615565 
OS01T0959900 74% S3_73615566 
GRMZM2G133844 79% S3_73615879 
PDS 15-cis-phytoene desaturase Sb06g030030 58467047 
- 
58472660 
AT4G14210 78% S6_58462163 
OS03T0184000 91% S6_58474846 
GRMZM2G410515 97% S6_58475319 
    S6_58475595 





AT4G03280 69% S9_50251629 
OS07T0556200 83% S9_50251985 
GRMZM2G038365 96% S9_50252060 
GRMZM2G162748 95% S9_50252087 
 
 S9_50252117 
  S9_50253210 
  S9_50253233 
  S9_50253442 







    S9_50253838 





AT2G05620 62% S7_58386127 
OS08T0566600 78% S7_58386130 
GRMZM2G121494 90% S7_58386202 











Supplemental Table S8. (continued) 
    
 
 S7_58389776 
  S7_58389829 
  S7_58390034 
  S7_58390037 















    S7_58393698 
PHOT2 Phototropin-2 Sb07g014860 36454094 
- 
36467376 
AT5G58140 64% S7_36467044 
OS04T0304200 71% S7_36467078 
GRMZM2G032351 92% S7_36467158 
  S7_36467210 
  
S7_36471238 
  S7_36471251 
 
 S7_36471307 
    S7_36471664 
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 S1_12952253 

















    S1_12954374 
PIF3 Putative HLH DNA-binding 




OS04T0618600 83% S6_57492084 
GRMZM2G042920 88% S6_57492085 













  S6_57497832 
  S6_57497849 
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    S6_57500803 
PIF4/PIF5 phytochrome interacting 
factor 4/5 
Sb01g006190 5228081 - 
5231041 
AT2G43010 29% S1_5233536 
OS03G0782500 65%  
GRMZM2G016756 79%  
GRMZM2G065374 86%   
PIF4/PIF5 Phytochrome interacting 
factor 4/5 
Sb02g002760 2873293 - 
2875250 
AT3G59060 26% S2_2873515 
AT2G43010 25% S2_2875739 
OS07G0143200 45% S2_2875762 
 
 S2_2876384 
    S2_2879152 
PIF6/PIL1 Transcription factor PIL1  Sb09g003090 3387511 - 
3389459 
AT2G46970 17% S9_3386171 
AT3G62090 15% S9_3386381 
OS05T0139100 51% S9_3387120 









  S9_3387990 
  S9_3388192 
  S9_3388493 
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 S9_3392028 
    S9_3392446 





AT1G44575 70% S3_68639975 
OS01G0869800 79% S3_68644948 
GRMZM2G077333 98% S3_68645521 
 
 S3_68646633 
PSY1 Phytoene synthase Sb10g031020 60688676 
- 
60692539 
AT5G17230 64% S10_60688320 
OS06T0729000 74% S10_60692078 
GRMZM2G300348 68% S10_60692155 





OS09G0555500 67% S2_67119302 
AT5G54270 87% S2_67122317 
OS07G0562700 91% S2_67122323 
GRMZM2G057281 99% S2_67122444 
PTOX Ubiquinol oxidase 4 Sb06g032180 60415353 
- 
60418246 
AT4G22260 53% S6_60417149 
OS04T0668900 71% S6_60417681 
GRMZM2G102349 82%  
OS03T0847500 20%  
AT4G22260 54%  
OS04T0668900 70%  
GRMZM2G010555 68%  
OS03T0847500 16%   
SDG8 histone methyltransferases Sb04g022620 52175200 
- 
52187357 
AT1G77300 23% S4_52173418 
GRMZM2G352431 76% S4_52176498 
 
 S4_52177246 
  S4_52179605 
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VDE1 Violaxanthin de-epoxidase Sb06g012950 35658028 
- 
35664504 
AT1G08550 65% S6_35653483 
OS04T0379700 47% S6_35654032 
GRMZM2G027219 93% S6_35654703 
    S6_35660892 
ZDS Zeta-carotene desaturase Sb02g006100 7390504 - 
7395629 
AT3G04870 76% S2_7386485 
OS07G0204900 90% S2_7386681 
GRMZM2G454952 96% S2_7393539 
    S2_7397569 
ZEP Zeaxanthin epoxidase Sb06g018220 47634224 
- 
47640639 
AT5G67030 61% S6_47631906 
OS04T0448950 13% S6_47634821 
GRMZM2G379053 12% S6_47636931 
OS04T0448900 78% S6_47637235 
 
 S6_47637237 
  S6_47637266 
  S6_47641828 
  S6_47642020 







    S6_47645517 











Supplemental Table S9. List of QTL in sorghum overlapping significant SNPs 












S2_5679675 1.32E-06 0.0506007 0.09104 E recovery 
SPAD_M
N_2011.1 
2 5295260 11937449 
Sukumaran 
et al (2016) 
S2_5679675 6.20E-06 0.0854166 0.07823 gs recovery 
S2_5680569 1.61E-05 0.1220963 0.06266 E recovery 
S2_5680569 2.89E-05 0.0854166 0.05949 gs recovery 
S2_5742374 5.32E-06 0.1185764 0.10309 E 
cumulative 
response 
S2_58963955 2.91E-07 0.0335929 0.11474 E recovery 
SG-D-2 2 6195900 77932606 
Kebede et 
al (2001) S2_58963955 4.17E-06 0.1162164 0.09492 E 
cumulative 
response 
S2_58963955 2.91E-07 0.0335929 0.11474 E recovery 
SG-2-1 2 57081007 61367997 
Harris et al 
(2007) S2_58963955 4.17E-06 0.1162164 0.09492 E 
cumulative 
response 
S2_58963955 2.61E-06 0.0586844 0.09408 Fv'/Fm' recovery SG-D-2 2 6195900 77932606 
Kebede et 
al (2001) 
S2_58963955 2.61E-06 0.0586844 0.09408 Fv'/Fm' recovery SG-2-1 2 57081007 61367997 
Harris et al 
(2007) 
S2_58963955 6.04E-08 0.0059182 0.12832 gs recovery SG-D-2 2 6195900 77932606 
Kebede et 
al (2001) 
S2_58963955 6.04E-08 0.0059182 0.12832 gs recovery SG-2-1 2 57081007 61367997 
Harris et al 
(2007) 
S2_67521242 3.31E-05 0.0854166 0.05647 gs recovery SG-D-1 2 59104505 70002505 
Subudhi et 
al (2000) 
S2_67521242 3.31E-05 0.0854166 0.05647 gs recovery SG-D-2 2 6195900 77932606 
Kebede et 
al (2001) 
S2_67521242 3.31E-05 0.0854166 0.05647 gs recovery 
SG_HL93
-D-1 
2 60989307 70688612 
Xu et al 
(2000) 
S2_67521242 3.31E-05 0.0854166 0.05647 gs recovery 
SPAD_H
S_2009 
2 66169596 69013996 
Sukumaran 
et al (2016) 
S2_70749331 1.21E-05 0.1220963 0.06071 E recovery 
SG-D-2 2 6195900 77932606 
Kebede et 








Supplemental Table S9. (continued) 
S3_56905719 3.17E-05 0.0854166 0.06959 gs recovery SG-A-2 3 55632186 58655276 
Subudhi et 
al (2000) 
S3_56905719 3.17E-05 0.0854166 0.06959 gs recovery SG-3-1 3 16264003 73794648 
Crasta et al 
(1999) 
S3_56905719 3.17E-05 0.0854166 0.06959 gs recovery SG-3-2 3 55632186 60794280 
Harris et al 
(2007) 
S3_56905719 3.17E-05 0.0854166 0.06959 gs recovery SG-A-1 3 54859533 59433355 
Kebede et 
al (2001) 
S3_56905719 3.17E-05 0.0854166 0.06959 gs recovery 
qFv/Fm3.
1  
3 56382011 57860807 
Sukumaran 
et al (2016) 
S4_46364030 2.98E-05 0.0854166 0.05609 gs recovery 
PreFDrou
ght-C-1 
4 7687142 57027006 
Kebede et 
al (2001) 
S4_46364030 2.98E-05 0.0854166 0.05609 gs recovery SG-C-1 4 7687142 57027006 
Kebede et 
al (2001) 
S4_46364036 2.98E-05 0.0854166 0.05609 gs recovery 
PreFDrou
ght-C-1 
4 7687142 57027006 
Kebede et 
al (2001) 
S4_46364036 2.98E-05 0.0854166 0.05609 gs recovery SG-C-1 4 7687142 57027006 
Kebede et 
al (2001) 
S4_46364048 2.98E-05 0.0854166 0.05609 gs recovery 
PreFDrou
ght-C-1 
4 7687142 57027006 
Kebede et 
al (2001) 
S4_46364048 2.98E-05 0.0854166 0.05609 gs recovery SG-C-1 4 7687142 57027006 
Kebede et 
al (2001) 
S4_54374776 2.02E-05 0.0854166 0.08401 gs recovery 
PreFDrou
ght-C-1 
4 7687142 57027006 
Kebede et 
al (2001) 
S4_54374776 2.02E-05 0.0854166 0.08401 gs recovery SG-C-1 4 7687142 57027006 
Kebede et 
al (2001) 
S4_54915096 3.16E-05 0.0854166 0.06467 gs recovery 
PreFDrou
ght-C-1 
4 7687142 57027006 
Kebede et 
al (2001) 
S4_54915096 3.16E-05 0.0854166 0.06467 gs recovery SG-C-1 4 7687142 57027006 
Kebede et 
al (2001) 
S4_61122741 4.50E-07 0.0498507 0.08955 A 
cumulative 
response 
SG-C-2 4 57024953 61514681 
Kebede et 
al (2001) 
S4_61122741 2.77E-06 0.1209635 0.0818 E drought 











Supplemental Table S9. (continued) 
S4_64314021 1.23E-05 0.1765327 0.07055 qP control 
SPAD_O
T_2008 
4 63944556 64497114 
Sukumaran 
et al (2016) 






et al (2016) 
S5_3355698 5.96E-07 0.0343543 0.08724 E recovery   
S5_3355698 1.04E-07 0.0059182 0.10177 gs recovery   













Harris et al 














S5_42764230 4.98E-06 0.1843324 0.07418 Fv'/Fm' 
cumulative 
response 
SG-J-1 5 7435549 56177733 
Kebede et 
al (2001) 
S5_42764230 4.98E-06 0.1843324 0.07418 Fv'/Fm' 
cumulative 
response 
SG-5-1 5 5728946 62352331 
Harris et al 
(2007) 





5 1734124 46575996 
Sukumaran 
et al (2016) 
S5_59228941 3.61E-05 0.1317038 0.06706 A recovery 
SG-5-1 5 5728946 62352331 
Harris et al 
(2007) 
S5_59228941 4.34E-06 0.0854166 0.08296 gs recovery 
S5_59228968 5.19E-05 0.1317038 0.06817 A recovery 
S5_59228968 1.25E-05 0.0854166 0.078 gs recovery 
S5_62168822 1.15E-05 0.1220963 0.06563 E recovery 
S5_62168822 5.31E-06 0.0586844 0.07 Fv'/Fm' recovery 
S5_62168822 1.41E-05 0.0854166 0.06521 gs recovery 
S5_62168880 2.89E-05 0.0854166 0.06598 gs recovery 
S5_62168893 2.89E-05 0.0854166 0.06598 gs recovery 











Supplemental Table S9. (continued) 
S5_9588341 8.35E-06 0.0586844 0.08134 Fv'/Fm' recovery SG-5-1 5 5728946 62352331 
Harris et al 
(2007) 
S5_9588341 8.35E-06 0.0586844 0.08134 Fv'/Fm' recovery SG-5-2 5 6518956 30676845 
Crasta et al 
(1999) 
S5_9588341 8.35E-06 0.0586844 0.08134 Fv'/Fm' recovery 
SPAD_M
N_2008 
5 1734124 46575996 
Sukumaran 
et al (2016) 
S5_9588371 8.35E-06 0.0586844 0.08134 Fv'/Fm' recovery SG-J-1 5 7435549 56177733 
Kebede et 
al (2001) 
S5_9588371 8.35E-06 0.0586844 0.08134 Fv'/Fm' recovery SG-5-1 5 5728946 62352331 
Harris et al 
(2007) 
S5_9588371 8.35E-06 0.0586844 0.08134 Fv'/Fm' recovery SG-5-2 5 6518956 30676845 
Crasta et al 
(1999) 
S5_9588371 8.35E-06 0.0586844 0.08134 Fv'/Fm' recovery 
SPAD_M
N_2008 
5 1734124 46575996 
Sukumaran 
et al (2016) 
S5_9588375 8.35E-06 0.0586844 0.08134 Fv'/Fm' recovery SG-J-1 5 7435549 56177733 
Kebede et 
al (2001) 
S5_9588375 8.35E-06 0.0586844 0.08134 Fv'/Fm' recovery SG-5-1 5 5728946 62352331 
Harris et al 
(2007) 
S5_9588375 8.35E-06 0.0586844 0.08134 Fv'/Fm' recovery SG-5-2 5 6518956 30676845 
Crasta et al 
(1999) 
S5_9588375 8.35E-06 0.0586844 0.08134 Fv'/Fm' recovery 
SPAD_M
N_2008 
5 1734124 46575996 
Sukumaran 
et al (2016) 
S5_9589605 9.45E-06 0.0586844 0.08401 Fv'/Fm' recovery SG-J-1 5 7435549 56177733 
Kebede et 
al (2001) 
S5_9589605 9.45E-06 0.0586844 0.08401 Fv'/Fm' recovery SG-5-1 5 5728946 62352331 
Harris et al 
(2007) 
S5_9589605 9.45E-06 0.0586844 0.08401 Fv'/Fm' recovery SG-5-2 5 6518956 30676845 
Crasta et al 
(1999) 
S5_9589605 9.45E-06 0.0586844 0.08401 Fv'/Fm' recovery 
SPAD_M
N_2008 
5 1734124 46575996 
Sukumaran 
et al (2016) 
S5_9589610 9.45E-06 0.0586844 0.08401 Fv'/Fm' recovery SG-J-1 5 7435549 56177733 
Kebede et 
al (2001) 
S5_9589610 9.45E-06 0.0586844 0.08401 Fv'/Fm' recovery SG-5-1 5 5728946 62352331 
Harris et al 
(2007) 
S5_9589610 9.45E-06 0.0586844 0.08401 Fv'/Fm' recovery SG-5-2 5 6518956 30676845 









Supplemental Table S9. (continued) 
S5_9589610 9.45E-06 0.0586844 0.08401 Fv'/Fm' recovery 
SPAD_M
N_2008 
5 1734124 46575996 
Sukumaran 
et al (2016) 
S5_9589630 9.45E-06 0.0586844 0.08401 Fv'/Fm' recovery SG-J-1 5 7435549 56177733 
Kebede et 
al (2001) 
S5_9589630 9.45E-06 0.0586844 0.08401 Fv'/Fm' recovery SG-5-1 5 5728946 62352331 
Harris et al 
(2007) 
S5_9589630 9.45E-06 0.0586844 0.08401 Fv'/Fm' recovery SG-5-2 5 6518956 30676845 
Crasta et al 
(1999) 
S5_9589630 9.45E-06 0.0586844 0.08401 Fv'/Fm' recovery 
SPAD_M
N_2008 
5 1734124 46575996 
Sukumaran 
et al (2016) 
S6_59577575 7.73E-06 0.1765327 0.07246 qP control 
SPAD_M
N_2011.2 
6 59465589 60559033 
Sukumaran 
et al (2016) 
S6_59932272 2.66E-06 0.1765327 0.08758 qP control 
S6_59980948 1.22E-05 0.1765327 0.07042 qP control 
S6_60110274 8.79E-06 0.1765327 0.0705 qP control 
S6_60110289 8.79E-06 0.1765327 0.0705 qP control 
S7_12865678 2.22E-05 0.1317038 0.06095 A recovery 
PreFDrou
ght-E1-1 
7 7460757 64342021 
Kebede et 
al (2001) 
S7_12865678 3.55E-05 0.0865341 0.05693 gs recovery 
S7_13086524 4.46E-05 0.1317038 0.05343 A recovery 
S7_13086524 3.26E-05 0.0854166 0.05579 gs recovery 
S7_13086535 3.70E-05 0.1317038 0.05592 A recovery 
S7_13086535 3.76E-05 0.0865341 0.05575 gs recovery 
S7_13086537 3.79E-05 0.1317038 0.05583 A recovery 
S7_13086537 3.84E-05 0.0865341 0.05566 gs recovery 
S7_13086538 3.65E-05 0.1317038 0.05605 A recovery 
S7_13086538 3.75E-05 0.0865341 0.05578 gs recovery 
S7_58584926 2.50E-05 0.0854166 0.06759 gs recovery 







CHAPTER 5.    CONCLUSIONS 
This study included a series of experiments designed to obtain a comprehensive 
characterization of the sorghum natural genetic variation for gas exchange and chlorophyll 
fluorescence parameters under non-stress, cold, drought and post-stress recovery conditions.  
Chapter II describes a GWAS performed to identify the genomic regions associated with 
the photosynthetic response of sorghum to non-stress, cold, and recovery conditions. Three gas 
exchange and four chlorophyll fluorescence traits were evaluated under three temperature 
conditions, and several variables were derived from these seven traits, to better characterize the 
performance of sorghum lines over treatments. In summary, the discoveries presented in Chapter 
II include the following:  
i) There is significant natural variation in the photosynthetic response of sorghum 
lines to cold stress and in their capacity to recover from that stress. 
ii) Sorghum lines also exhibit different carbon fixation capacities and chlorophyll 
fluorescence parameters under non-stress conditions. 
iii) The genetic architecture of the differential photosynthetic response to non-stress 
and cold stress is complex, as demonstrated by a large number of genomic regions 
associated with a particular trait (1 to 40). 
iv) The phenotypic variance explained by each individual marker/genomic region 
was relatively small (5.3-14%).  
v) Several candidate genes were localized containing or nearby significant markers. 
vi) The predicted functions of the most relevant candidate genes are related to 
carotenoids, phytohormones, components of PSI and PSII, antioxidants and 




vii) The regions/markers on chromosome 3, 4, 6, 7 and 8, consistently identified for 
gas exchange and chlorophyll fluorescence traits, are the most important 
discoveries for further investigation.   
In Chapter III, we presented a low-cost automated irrigation system that can control 
VWC at the individual plant level and could be adapted to alternative experimental conditions 
and designs. This system was evaluated to investigate its capacity to control VWC at different 
final target levels and to determine its ability to accurately control soil water content at large 
scale (multiple plants). In summary, we have:  
i) Developed an irrigation system at a more affordable cost than other commercially 
available high-throughput phenotyping platforms. 
ii) Demonstrated that our system can control VWC at different target levels. 
iii) Confirmed that VWC can be accurately and simultaneously controlled at large 
scale using diverse germplasm. This system can be scaled up for a high-
throughput and controlled dry-down treatment of plants.  
In Chapter IV, we conducted a GWAS to discover the genetic architecture of the 
photosynthetic and photoprotective capacity of sorghum lines to adapt to non-stress, drought, and 
recovery conditions. Three gas exchange and four chlorophyll fluorescence traits were evaluated 
under three soil water treatments, and variables were also derived from single parameters, as 
previously done for the cold stress experiment. In summary, the discoveries associated with the 
sorghum photosynthetic response to drought are:  
(i) There is large natural variation in gas exchange and chlorophyll fluorescence 




(ii) Stomatal control was the main factor explaining reductions in the carbon fixation 
capacity under drought and recovery treatments. 
(iii) Sorghum lines presented a large A:E range under well-irrigated conditions but 
minimal under drought stress and recovery. 
(iv) Four genomic regions consistently associated with multiple traits represent the 
most promising discoveries for future validation studies.  
(v) The candidate genes physically located within or close to significant SNPs were 
predicted to function in stress signaling, carotenoid biosynthesis, oxidative stress 
protection, and carbon metabolism.  
(vi) A set of 39 significant SNPs co-localized with previously reported QTL for stay 
green in sorghum.  
Characterizing photosynthesis at large scale is a challenging task that has haltered 
discoveries and limited our knowledge about the genetic control of this complex trait. We have 
overcome several of those technical and biological challenges and have successfully phenotyped 
over 300 sorghum lines to implement a quantitative genetic approach for QTL discovery. For 
instance, it was important to minimize environmental effects, and develop an experimental 
design to utilize an adequate level of replication, given the multiple factors that can affect 
photosynthetic rate. Therefore, our approach included the utilization of growth chambers, in 
which light, temperature and daylength were controlled. Additionally, we used two biological 
replications per genotype and repeated measurements over time to account for day-to-day and 
plant-to-plant variations. For the drought experiment, an accurate control of soil water content 
was important to ensure an unbiased comparison of diverse accessions with different plant sizes, 




tested an irrigation system to expose plants to similar levels of drought stress. This system can 
serve as a useful tool for high-throughput phenotyping in plant breeding/genetic studies, thus 
benefitting the research community, and contributing to the development of new varieties with 
abiotic stress tolerance. 
Considering the complex genetic architecture of our traits of interest, evidenced by the 
large number of genomic regions identified in both cold and drought stress studies, it was 
imperative to select the most relevant discoveries for further investigation. Our strategy was to 
prioritize regions that contain one or more SNPs in LD that were significantly associated with 
multiple traits.  We initiated the validation of candidate loci by testing the expression of three 
genes located close to significant SNPs associated with the cold stress response using RT-PCR, 
and identified a GST gene differentially expressed between lines with contrasting transpiration 
rates under cold stress.  
The multiple SNPs/genomic regions associated with photosynthetic traits could help 
identify key processes and target genes to manipulate by breeding or engineering approaches. 
Some of the most interesting candidate genes identified in our study are transcription factors 
involved in initial steps of signal transduction pathways that could be overexpressed via genetic 
engineering or edited by CRISPR/Cas9 to characterize their role on the carbon fixation capacity 
of sorghum. 
Our discoveries could benefit breeding efforts devoted to increase photosynthesis in other 
economically important crop species. For example, comparative studies of syntenic regions 
could be performed with maize, wheat and rice, considering their close evolutionary distance. In 
particular, maize appears as a promising target for comparative genomic studies, since it is also a 




Although genotypic differences in photosynthetic capacity have been previously reported 
in sorghum, the present study represents the most comprehensive characterization of its natural 
variation up to date. Therefore, the phenotypic information collected in this study could also 
advance the scientific discipline of plant physiology. For example, a small set of lines with 
contrasting gas exchange and chlorophyll fluorescence parameters could be further investigated 
to understand the biochemical and morphological causes of variation. Furthermore, a more 
detailed study of photosynthetic parameters, i.e. using light and CO2 response curves, can help 
determine limitations in carboxylation or RuBP regeneration among contrasting lines.  
In summary, the new knowledge generated in this study could be utilized, after 
validation, to develop sorghum germplasm with superior Carbon fixation capacity under optimal, 
cold, and drought conditions, which is necessary to increase biomass production and grain yield 
in temperate regions, facilitating the production of food, feed, fiber and fuel under predicted 
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